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Abstract 
Model systems were developed for the metabolic activation 
of organophosphorus pesticides by mono-oxygenase enzymes. An 
oxygen atom was successfully transferred, in each case, to 
model thiophosphoryl containing substrates, converting them 
ultimately into their phosphoryl analogues. 	The enzyme 
models investigated were chromyl acetate oxidation, the 
photolytic transfer of oxygen from heterocyclic N-oxides, 
reaction with carbonyl oxides and oxaziridines, and oxidation 
with trifluoroperacetic acid. 	The validity and generality 
of the models was based upon their ability to accomplish 
aromatic hydroxylation with "NIH" shift. 
The photolytic transfer of oxygen from heterocyclic 
N-oxides was extensively investigated and a diversity of 
heterocyclic N-oxides were tried in an attempt to optimise 
the system and to understand the mechanism in terms of 
the way in which structural modifications and substituent 
effects in the N-oxide affected the oxygen transfer reaction. 
Despite several novel approaches, conclusive evidence to 
establish whether the photolytic oxygenation reaction 
proceeds through a free liberated oxygen atom or a rearrange-
ment product of the N-oxide such as an oxaziridine could not 
be obtained. 
In the investigation of oxygen transfer from oxaziridines, 
evidence was obtained that the initial nucleophilic attack of 
the thiophosphoryl sulphur occurs at the electrophilic oxygen 
of the oxaziridine. 	The involvement of a pentacovalent 
phosphorus intermediate in these reactions was disproved by 
demonstrating that the reaction still proceeds with a substrate 
chosen such that the required pseudorotation processes of any 
pentacovalent intermediate would be strongly inhibited. 	The 
development of a positive charge on phosphorus in a transition 
state was demonstrated by a correlation between Hammett's 
,up"* values and the rate constants determined when reacting 
various tri-2-substituted triaryiphosphine sulphides with an 
oxaziridine. 
Studies with chiral thiophosphoryl substrates showed 
that reaction with both heterocyclic N-oxides (under photolysis) 
and oxaziridines proceeded with retention of configuration at 
phosphorus. 	The mechanistic interpretations of these observa- 
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A. 	The Metabolism of Organophosphorus Pesticides and 
their Mechanism of Action. 
A.1 Background 	 - 
The discovery of the insecticidal properties of organo-
phosphorus compounds was made by Schrader of Bayer in 1934. 
Tetraethylpyrophosphate (1), TEPP, was the first widely 
marketed organophosphorus' pesticide (in 1944). 
C 2 H 50\ 0 	0/OC 2 H 5  11 11 
P—o—P 
C 2 H 50" 	 OC 2 H 5 
(i) 
It was first synthesised by Clermont 1 in 1854 but apparently 
nothing was known of its toxic properties until Schrader 2 , 
in 1942, prepared this compound as a nicotinic substance. 
Today, one of the most widely used classes of pesticide are 
the tn-esters of phosphorothionic acid. 	0,0-Diethyl- and 
O,O-Dimethyl-O-(-nitropheno1)phosphorothionate, parathion 
and methylparathion respectively (2,3), have the longest 
history in use of this class of compounds. 
:: 
_O_3NO2 
(2),R:c 2 H 5 	(3),R:CH, 
The symptoms of poisoning by phosphorothionates 3 
are such as to indicate an inhibition reaction of acetyl-
cholinesterase (an enzyme involved in the transmission of 
nerve impulses) but, parathion for example, has no in. vitro 
anticholinesterase. activity 4 and conversion into the active 
anticholinesterase. O,O-diethyl-O- (2-nitrophenyl) phosphate, 
paraoxon (4), by the metabolism, of insects or mammals is 







This metabolic activation reaction, parathion (2) to 
paraoxon (4), occurs in mammals as a result of the action of 
enzyme systems (mono-oxygenases) within the microsomal fraction 
5,6 	 7 of the liver 	. In insects the comparable system resides 
8,9 	 10 mainly in the fatbody 	, while in plants , peroxdases 
appear to catalyse the. oxidation. 	It is, in fact, a very 
common observation in this area that compounds with phosphorus 
sulphur double bonds are relatively non-toxic in themselves, 
but closely related, or even isomeric compounds, which have 
phosphorus oxygen double bonds are potent anticholinesterases 11 . 
This phenomenon can be explained by examining the mechanism 
of inhibition of acetyicholinesterase. 
3 
A.2 Mechanism of Action 
Acetylcholine, a substance responsible for the trans-
mission of nerve impulses, is normally hydrolysed very 
quickly by acetyicholinesterase but any disruption of this 
reaction causes acetylcholine to accumulate at the nerve 
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The basis for the. toxicity of organophosphorus 
pesticides is that they have the ability to phosphorylate 
and, as a result, inactivate numerous enzymes. 	Trypsin, 
chymotrypsin and acetyicholinesterase are all inhibited 20 
but it is the inhibition of acetyicholinesterase that is 
responsible for the acute toxicity of these compounds. 
Matsumura 3 made reference to the similarity in molecular 
structure of the organophosphorus pesticides and the natural 
substrate of the enzyme, acetylcholine. 	The enzyme is 
known to have two active sites; the esteratic site and the 
anionic site 12 . In the natural reaction acetylcholine 
becomes bound to the enzyme through the acyl carbon and the 
cationic nitrogen moiety. 	The enzyme is then acetylated 
with the loss of choline from the natural substrate (Scheme 2). 
4 
Organophosphorus pesticides. phosphorylate the enzyme in 
an analogous reaction (Scheme 2). 	The analogy breaks 
down, however, because. the enzyme in the natural reaction 
can recover through a process.of deacylation.which occurs 
very rapidly, whereas dephosphorylation takes place at an 
extremely slow pace. 	It is this particular step that makes 
organophosphorus pesticides. powerful. cholinesterase inhibitors. 
OH 
/ 10 
CI1 3 	CHCH2—(CH 3) 
0 
1 	 + 
CH 3—C=O HOCH 2CH 2—N(CH 3) 
serine 
OH 
C Z H SO\ 
/P A- NO, 




+ HO3NO 2 
Scheme 2 
In order to inhibit acetyicholinesterase, paraoxon (4) 
phosphorylates an active site (possibly' a serine residue) of 
the enzyme by nucleophilic attack of the hydroxy group on 
(4) with subsequent loss of 2-nitrophenol (Scheme 2). 	It 
is necessary, therefore, that the aryl portion of the molecule 
5 
is a good leaving group with electron withdrawing properties 11 . 
Parathion (2), is unable to phosphorylate the enzyme 
as the phosphorus atom in this case is less susceptible to 
nucleophilic attack by the hydroxyl group.. This is best 
explained by the difference in polarity of the two bonds. 
The phosphorus-oxygen double bond. is more polar due to a 
greater difference in. electronegativi.ty between the two 
atoms (1.4) than. in the case. of phosphorus and sulphur 
atoms (0.4) 13 
A.3 Metabolism 
Organophosphorus pesticides of the phosphorothiono type 
are in a special class because they suffer both activation 
and a competitive detoxification .during metabolism. 	Indeed, 
as a result. of this, the yield of their conversion into 
anticholinesterase agents. is generally low 8 . 	This alternative 
metabolic degradation path involves .a formally hydrolytic 
reaction. 	Parathion (2), for example, is converted into 
0,0-diethyiphosphorothionate (5) and 2-nitrophenol (6); 
Scheme 3. 
C 2 H 5O\ 
/PO NO2 [H201
C2H50 
C 2 H 50 
"P-OH + HO 
C2H5O 	
. 	 NO 2 
(2) 
	
(5) 	 (6) 
Scheme 3 








Results of various investigations, 6, 	indicate 
that parathion (2) is metabolised to paraoxon (4) by an 
enzyme system similar to the mono-oxygenases which are 
responsible for various hydroxylation, suiphoxidation and 
dealkylation reactions 16 . 	It is uncertain as to the fate 
of the sulphur in the oxidation reaction, whether it is 
excreted as inorganic sulphate 17 or remains as a metabolite 
bound to microsomes 18 . 
The metabolism of parathion (1) to the four major 
metabolites, (4) , (5) , (6) , (7) , involves two types of 
reaction which. are both. oxidative, require the same cofactors 
(reduced nicotinamide.. adenine dinucleotide phosphate (NADPH) 
and molecular oxygen], and are almost certainly carried out 
'7 '8 	9 by similar if not identical enzymes ,.L 1 • 	Scheme 3 
therefore., does not represent a simple hydrolysis, and apart 
from some speculation 14 (Scheme 6) there has been no attempt 
to understand in what way an essentially oxidative enzymic 
system might mediate in, and catalyse, a hydrolysis. 
Studies carried out in vivo 17,19  and in vitro 19  have 
shown that the dialkyl aryl phosphates and phosphorothionates 
are further metabolised by various tissues to monoalkyl aryl 
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phenols (Scheme 4) , however, these minor metabolites 
probably represent only. 5% of the total metabolism. 20 
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It can be seen from Scheme 4 that the object of the 
degradation of parathion (2) is to convert the parent 
compound into a water soluble 	ie excretable form. 	The 
E-nitro group of parathion (2) and paraoxon (4) has also 
been reduced b enzymatic reactions to form aminoparathion 
and aminoparaoxon., respectively, under a variety of con- 
8,11,21 ditions 	. 	In general, all metabolites of parathion, 
except paraoxon., are less toxic than the parent insecticide. 
A.4 Mechanisms. for the Metabolic Reactions. of Parathion 
On the basis of results from. oxygen-18 studies on the 
mono-oxygenase catalysed metabolism of parathion,. Ptashne 
et al.  14  have proposed. that the initial step in the activation 
reaction is the formation of a coordinate covalent bond 
between an oxygen atom and the unshared electron pair on the 
sulphur, followed by a cyclisation to the intermediate (8) 
shown in Scheme 5. 
E3 	 S 	 1 1 
1.10 
(c2H5o)P No2 2H5o)2 
POONO 
(2) 	 (8) 
0 
11 
(c 2 H 5o)2 —o--No 2 + S 
(4) 
cheme 5 
They did not dismiss the.. possibility that the initial reaction 
could be the addition of an enzyme-bound oxygen species 
across the phosphorus-sulphur double bond followed by a 
rearrangement to give paraoxon (4) and atomic sulphur. 
23 Various workers 22, have proposed that the enzyme bound 
oxygen is in the form where all six electrons are paired and 
I 
would react by a polar rather than. a radical mechanism. 
Ptashne et al. 14  believe that the same cyclic intermediate 
(8) is involved in the hydrolytic reaction, however, in this 
case the parathion is bound in such a way that the 2 -nitrophenol 
is the leaving group giving rise. to.a second cyclic, positively 
charged, intermediate., which is subject to nucleophilic attack 
by water followed by a cyclic rearrangement to. give diethyl-
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Although the reactions and mechanisms described are 
for parathion, they should be generally applicable to 
phosphorothionates., phosphonothioates and phosphorodithionates 54 
with the general. formula (9), which. undergo these same type 






R = alkoxy or alkyl 
X = oxygen or sulphur 
XY = good leaving group 
11 
B. Mono-Oxygenase Enzymes 
Mono-oxygenases are enzymes which directly incorporate 
oxygen into an organic compound.. They were discovered by 
Mason 24  in 1954 and have the distinguishing feature that 
one atom of an oxygen molecule is utilised in oxidising the 
substrate (S), while the other atom is.reduced by an electron 
donor (DH 2 ) to water (Scheme 7). 
mono-oxygenase 
S + 02 + DH 	 . SO + H 2  0 + D 
Scheme 7 
Mason himself names the. . type of enzymes he had discovered 
"mixed function. oxidase,s" because of their dual function but 
Hayaishi 25 prefers the term "mono-oxygenase" since it enables 
these enzymes to be.distinguished from.dioxygenases which 
insert two oxygen. atoms .into a. substrate. 
B..1. Composition. of Mono-oxygenase Enzyme Systems 
In mammals, the enzymes are mainly localised in the 
microsomes of the liver and. consist of multi-component protein 
structures 26 . 	They can be conveniently divided into two 
large groups: the first group includes enzymes containing 
one or more metal. atoms, which are therefore metal. proteins; 
the. second group comprises enzymes containing no metal ion or 
complex. 
Enzymes containing the hemoprotein(s), cytochrome P-450 
belong to the first group, and appear to catalyse the majority 
of reactions where mono-oxygenases are involved 26 . 	The 
electron donor in this system is reduced nicotinamide-adenine 
12 
dinucleotide phosphate (NADPH). 
The second group, the metal-free mono-oxygenases, 
involve flavin groups attached to the enzyme 27. 	The enzyme- 
flavin-substrate complex (EF-S) is reduced by NADPH and in this 
form, combines with oxygen. 	This precedes the transfer 
of an oxygen atom to the substrate (Scheme 8). 
EF-S + NADPH + 
EFH2 -S + °2 
Scheme 8 
-* EFH2 -S + NADP 
-4' EF + SO + H 2  0 
The intermediate,. X, has been the subject of many investiga- 
tions 	 31,32 and good evidence 	now exists to support the 
existence of a 4a-hydroperoxyflavin (10) attached to the 
enzyme as the likely structure. 
NH Me)aIN 
	
(10) 	 0 
The common feature of both- groups of enzymes is that 
molecular oxygen must be activated.. 	This main function of 
mono-oxygenases is accomplished by cytochrome P-450 and by 
the flavin groups. 	The oxygen molecule is activated by a 
two electron reduction either by an iron ion or a reduced 
flavin. 
13 
B.2 ReactionsCatalysed.. by Mono-oxygenases 
The reactions catalysed by mono-oxygenases. are extremely 
diverse 16 . 	The most common is the hydroxylation. of aliphatic 
compounds, a reaction. which is involved in the biological 
transformations of steroidal-compounds.. Another common 
reaction catalysed. by mono-oxygenases is the hydroxylation 
of aromatic systems 26  with the formation. of phenols. 	This 
reaction plays an important .part in, the metabolism., of aromatic 
amino-acids. 	Other reactions include,. epoxidation, N-, 0-, 
and S-dealkylation, N-hydroxylation and oxidation at nitrogen 
and sulphur atoms.. It is important to our present study 
to note that another class, of. compounds metabolised by the 
mono-oxygenase enzymes are the phosphorothionate pesticides 6 ' 15 . 
Neal 33  has carried. out. experiments in vitro which 
indicate that parathion is metabolised by either two separate 
mono-oxygenase enzyme systems. or by two different cytochrome 
P-450s sharing a common microsomal electron transport system. 
In one case the binding favours, the loss of the sulphur atom 
to yield paraoxon and in the other case binding favours the 
loss of the -nitrophenol moiety. 
In certain cases both groups of enzymes, described 
previously, are capable of carrying out similar reactions. 	For 
example, the hydroxylation of aromatic compounds is catalysed 
by both cytochrome P-450 enzymes 34 and flavoprotein mono-
oxygenases 35 , however, only electron rich aromatic rings are 
substrates for the latter 30 . 	This may imply that the 
peroxide bond of 4a-hydroperoxyflavin (10) is cleaved by 
nucleophilic attack of the 7 electrons of the substrate. 
s -x 
B.3 Chemical. Model Systems and the NIH Shift 
Mono-oxygenases. are important in the metabolism of a 
diversity of compounds and as a.result, considerable interest 
has been shown in. the manner .. in which. oxygen is activated 
and transferred. to substrates. 	One of the. ways in which 
this interest has been shown is in the study of simple model 
systems which, if they exhibit some of the. critical features 
of the enzymatic. reactions, can lead to a greater under- 
standing of the mechanism of. action of. the enzyme. 	This 
interest has been. sustained, by the problem. that. the structure 
of the active-oxygen in cytochrome P-450 remains, unknown. 16  
A model system should be capable of all the reactions catalysed 
by mono-oxygenases 26 
As with the enzymes themselves, model systems which 
transfer. oxygen to a substrate, can be divided into two 
groups. 	The first group involves metal ions and complexes, 
in aqueous systems. whose. oxidation. activates the. oxygen by 
the provision of two electrons. 	Included in this group are 
models which utilise molecular oxygen, incorporating half the 
molecule into the substrate and reducing the other half to 
water. 	The second group comprises compounds in which the 
oxygen has already been"activated" and the oxygen atom is 
transferred directly to the substrate, eg. Trifluoroperacetic 
acid 56 
Examples of model systems can therefore be differentiated 
on this basis. In the first group the most important task is 




This model. system. consists of ferrous ion and.hydrogen 
peroxide. The. catalysed. decomposition of hydrogen peroxide 
by ferrous ion is. thought to proceed by several, one electron 
steps involving hydroxyl (H0) and perhydroxyl (HO) radicals 
36 (Scheme 9) 
Fe 2+ + 
0H + Fe? 
Fe 3+ + H- 2 01 2 
Fe 3+ + •0 2H 
0H + 20 2 
Scheme 9 
---ø 	Fe 3+ + 0H + OH 
-*. OH + Fe 3+ 
-.* Fe + 0 2 H + 
-* 02 +H+Fe 
-* H 2  0 + 0 2H 
The active hydroxylating species in aromatic substitution is 
the hydroxyl radical which has been shown. to have considerable 
electrophilic character 37. 	The perhydroxyl radical, on the 
other hand, has been shown to be ineffective in. aromatic 
41 hydroxylation 40  although an. earlier report claimed that this 
radical was responsible. for the attack on an aromatic ring. 
3+38 Other heavy metal ions, Ti 	and pulse radiolysis have been 
used to promote the decomposition of hydrogen peroxide 39 . 
Although these reactions simulate features of mono-oxygenases !  
H0 and HO cannot occur in. enzyme systems since they are 
incompatible with the living cell 16 . 
Udenfriends System 42  
This system involves both molecular oxygen and an electron 
donor (ascthic acid) in the presence of ferrous ion. 	With 
this system, aliphatic compounds are converted into alcohols 
[ILI  
and carbonyl derivatives, olefins into epoxides, and 
aromatic substrates into phenols. 	It has been shown that 
hydrogen peroxide and the hydroxyl radical are not inter- 
37 , 43 	 44 mediates in the model oxidation 	. Hamilton noted 
that most reactions catalysed by mono-oxygenases and certain 
of their models are analogous to those of carbenes or nitrenes 
which have six electrons around the carbon or nitrogen atom. 
Oxygen with six electrons could not be involved in the enzymatic 
process but an "oxenoid" complex could. 	Hamilton 44  has 
proposed that such an oxenoid complex could be formed in the 
tJdenfriend system. The enediol structure of ascorbic acid 
(reducing agent), ferrous ion and molecular oxygen could be 
in equilibrium with a complex such as (11). 	This complex is 
the proposed oxidising agent and by a shift of electrons and 
a proton as shown in Scheme 10, an oxygen atom with six 











The main feature of the mechanism, therefore, is that by 
complexing a iretal ion with molecular oxygen and some system 
capable of donating two electrons, radical intermediates need 
11 
not be involved in the oxidation of the substrate. Similarly, 
Hamilton and Friedman 43  described. a. model system. that used 
hydrogen peroxide in the presence of catalytic amounts of 
ferric ion and catechol and suggest a mechanism .f or aromatic 
hydroxylation in which the oxidising agent. is a complexed 
iron oxide (12) formed by the elimination of water from an 
intermediate containing ferric ion, hydrogen peroxide and 
the enediol catalyst (Scheme 11). 
.7-OH 	H202 
- F(X . H X 
HO 
HX 1L 




Stannous phosphate and Molecular oxygen 45 
Metal ions whose. redox potentials are near.-O.15 at 
neutral pH such as Sn2+  activate molecular oxygen so that it 
hydroxylates aromatic compounds. 	It is important to note 
that during a. comparison of the distribution of isomers for 
a given substrate e.g. toluene, obtained with. various metal 
i 	2+ 	2+ 	3+ 	+ ns (Fe , Sn , Ti , Cu ), the isomeric composition of the 
46 cresols was strongly dependent on the metal ion . 	If HO; 
was the hydroxylating species, the nature of the cation 
should not have influenced the.. distribution of isomers. The 
ratio of isomers also varies with the initial concentration 
46 of metal ion . 	This may be due to a change in the 
mechanism of hydroxylation, thereby involving more than one 
oxidising species. 	A combination of insertion of an oxygen 
atom, probably by a complex of the metal ion with oxygen, 
and substitution by a hydroxyl radical has been suggested. 47 
Akhrem et al. 16  recognised the similarity between this 
type of model and. the iron ion, of the cytochrome P-450, in 
a reduced state, complexing with oxygen in the enzymic system. 
The above models have not provided a definite answer to 
the question of the mechanism of enzymatic reactions because 
the relationship between the postulated oxidising species of 
the models and-the mechanism of the enzyme has remained 
unclear. 	The main problem which arose was that no criteria 
existed by which model systems could be judged. 	This problem 
was overcome in 1967 when workers at the National Institutes 
of Health (NIH) discovered just such a criterion later to be 
48 known as the NIH shift 
The NIH Shift 
Enzymatic hydroxylation of deuteriatedor tritiated 
aromatic substrates leads to partial migration of deuterium 
or tritium from the point of substitution by oxygen to an 
adjacent position on the aromatic ring resulting in retention 
of the label in. the phenolic. product. 	This migration of a 
ring substituent. during oxidation of an arene to a phenol 















In addition to deuterium and tritium migrations, methyl 
substituents 50 and the halogens, chlorine and bromine 51-  have 
been observed to migrate. 	This phenomenon of the NIH shift 
in aryl hydroxylation appears to be general with all mono- 
oxygenase enzyme systems from plant, bacterial, and animal 
sources with only a few exceptions known 26 . 
The postulated reaction mechanism for the NIH shift, 
suggested from a consideration of what reactive species 
would be likely to cause migration, involves a cationoid 
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R = OCH 3 , NCH 3 SO 2C 6H 5 , CH 31  C 6H 5 , CEN, CONH 2 , NO 2 , Cl, Br, F. 
Scheme 13 
The driving force for the NIH shift would be the placement 
and stabilisation of a positive charge on a carbon atom adjacent 
to oxygen. 	During studies of hydroxylation by microsomes of 
a large number of specifically deuteriated, aromatic substrates 53 , 
it became obvious that.the substrates couldbe divided into 
two groups. 	The first group contained substrates in which 
the substituent did. not. have an ionisab.le.hydrogen adjacent 
to the aromatic. ring, and in turn exhibited relatively high 
deuterium retentions (40-64%); Scheme 13. 	The second 
group of substrates.were capable of ionisation by loss of 
a proton from a nitrogen, or oxygen atom adjacent to the 
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X = 0, NCOCF 3 , NSO 2C 6H 5 , NH, NCOH, NCOCH 3 , NCOC 6 I-1 5 . 
Scheme 14 
These relative deuterium retentions have. been. explained 
in terms of the.resonance stabilisation. of the cationoid 
intermediate ie, if the positive charge next. to the hydroxyl 
group can be shared. by.the electron donating subs.tituent, the 
-quinoid resonance. structure prevails and suppresses 
migration of the label; the greater the ability of the 
substituent. to. donate. electrons., the lower the magnitude of 
the deuterium migrations. 	For example, with sali.cyclic acid 
(X=OH), complete loss of deuterium, ie. zero.NIH shift, is 
observed during hydroxylation. 
Enzymatic aryl hydroxylation is. similar to electrophilic 
aromatic substitution... 	Activated, rings, such as anisole 
readily undergo hydroxylation by microsomes. while nitrobenzene 
is slow to undergo this enzymatic reaction. 
With the discovery of the NIH shift,. a new criterion 
was available to judge model systems for aromatic hydroxylation. 
Those models which were incapable of causing the.shift could 
no longer be considered. because their mechanism, whatever it 
may be, could not be consistent with that. of the enzyme. 
The model hydroxylat.ing systems which. have been mentioned 
previously were examined by Jerina et al. 26,55  to determine 
whether they showed. similar migration and retention of 
deuterium during hydroxylation of various aromatic. substrates 
(Table 1). 
Model. System 
	 Compound. 	 % Retention of 
Isotope 
Fenton Acetanilide-4_ 3  H 
Chlorobenzene-4_ 2  H 
1.9 
2 
Fe(III), H 202 , 
catechol 
Acetanilide-4_ 3  H 
Chlo.robenzene-4_ 2  H 
1.0 
4 
Udenfriend (ascorbate, Acetanilide-4- 2 H 
0 21 EDTA, Fe 2 ) 	Chlorobenzene-4- 2 H 
	
1 
Stannous phosphate, 	Acetanilide-4- 2 H 
	
<15 
Chl.orobenzene-4- 2 H 
	
<27 




In most cases there was no significant retention of the 
label. 	On this basis, the hydroxyl radical produced by 
the Penton reagent was eliminated as a species involved in 
oxidations by mono-oxygenases 26 . 	Only the metal ion-oxygen 
systenr (Sn 2-', HPO 4 ' ) caused the NIH shift and even then 
the extent of deuterium retention was lower than that observed 
with the enzymes (Table 2). 
B.4 Chemical. Model Systems which Exhibit the NIH Shift 
B4..1 Trifluoroperacet.ic Acid. 	The first chemical oxidant 
which was shown to produce the NIH shift was trifluoroperacetic 
acid 56 . 	The retention of deuterium was similar in a number 
of cases to that determined for microsomes 53 during hydroxylation 
24 
of various substituted. aromatic substrates (Table 2). 
Migration and Retention (%) of Deuterium-during para-
Hydroxylation of. Aromatic Substrates with Microsomal 
Hydroxylases or Trifluoroperacetic acid. 
R-C 6H4-4- 2 H 
	
Microsomes 	Trifluoroperacetic acid 
NO  40 49 
CN 41 47 
Br 40 76 
F 47 73 
Cl 54 72 
NCH 3SO2C 6H 5 53 6 
CH  54 68 
00 6H 5 55 12 
OCH 3 60 8 
C 6H5 -4'-F 61 58 
C 6 
H 5 64 59 
OH 0 0 
NHSO2C 6H 5 1 3 
NH  6 3 
NHCOH 19 6 
NHCO.C 6H 5 21 7 
NHCO.CH 3 30 8 
Table 2 
Other peracids such as peracetic or rn-chloroperbenzoic acid 66 
also exhibit the NIH shift. 	The hydroxyl cation (HO) has 
been considered 
 26  as the. attacking species in hydroxylation 
by peracids, however, there. is. little, evidence, to. suggest 
that this cation could exist, especially in aqueous solution. 
In addition, formation of the hydroxyl ca.tion. does. not occur 
57 
by heterolysis of the peroxide bond . 	 It is more likely 
that hydroxylation of. aromatic compounds involves the nucleo-
philic attack of the ir-electrons of the. aromatic on the 
oxygen of the peroxide bond. 	This would. result initially 
in either a cationoid intermediate or an arene oxide which 
are known to isomerise to phenols in. the. presence of acid 58 
(Scheme 15). 
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Scheme 15 
B4.2 Arene Oxides as Intermediates, in Aryl Hydroxylation 
Although the cationoid intermediate (13) is compatible 
with the intramolecular migrations of the NIH shift during 
microsomal hydroxylation, work with the model system utilising 
trifluoroperacetic acid has cast doubt on-this intermediate 
being formed. as the initial step in aromatic .hydroxylation 26 . 
With the model system 56 , low retentions of deuterium were 
observed with substrates.. that. possess. an ionisable. substituent, 
even though ionisation of such a substituent would be 
suppressed in. the acidic conditions (Table 2).. 	This and 
other factors 26  led Jerina, Daly and Witkop 26 to propose the 
alternative mechanism.in. which enzymatic oxidation proceeds 
through the initial formation of an arene oxide (Scheme 15). 
This was firmly established when. Jerina et al. 
23,59 isolated 




Again an oxenoid mechanism was proposed 
26  where an oxygen 
atom ("oxene") with six paired electrons, adds to the 
aromatic to give an oxide, which then isomerises to a phenol 
via a cationoid intermediate. 	This "oxene" is isoelectronic 
with cárbenes or nitrenes. which are known to undergo addition 
reactions 60 of the type proposed for "oxene." 
Arene oxides have been shown to display the NIH shift 
61 on isomerisation to phenols. 
The mechanisms discussed so far (Scheme 13) do not 
account for NIH shifts of greater than 50% which have been 
reported in some cases. 	Jerina et al. 26  have proposed, 
therefore, that there must be a kinetic, isotope effect 
resulting in preferential. cleavage of the C-H bond and 
retention of deuterium after migration has occurred in the 
cationoid intermediate (13). 	NIH shifts of less. than 50% 
need not involve. such. an isotope effect. and could simply be 












B4.3 Trifluoroperacetic Acid as a Model. for Phoshorothionate 
Metabolism 
As mentioned previously, the phosphorothionate pesticides 
are also metabolised by the mono-oxygenases and Pt'ashne and 
Neal 62  have shown that reaction with trifluoroperacetic acid 
is a reasonable model for the enzyme catalysed metabolism of 
these compounds.. 	For example, the reaction of parathion 
with trifluoroperacetic acid. gave the same major products 
as the incubation, of parathion (2) with mammalian liver 
microsomes; ie paraoxon.. (4) and. diethyiphosphorothionic acid 
(5); Scheme 4. 	The proposed mechanism involves the direct 
transfer of an oxygen atom from the peracid to the unbonded 
electron pair on the sulphur. 	After.. cyclisation, the inter- 
mediate (15) can either rearrange to lose atomic sulphur and 
form paraoxon (4), or be subject to nucleophilic attack by 
water to lose E-nitrophenol and form diethyiphosphorothionic 
acid (5); Scheme 17. 
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The fate of the. sulphur in. the model reaction is unknown. 
As in the case of the enzymatic oxidation 
14 
 the same cyclic 
intermediate has been proposed. for the formation of both 
products. 
Tetraethyl pyrophosphate (1) was also formed with the 
model system but. is not a recognised product of the mono-
oxygenase catalysed metabolism of parathion. 
An attempt to isolate an oxidation.intermediate which 
decomposes to an oxo-analogue and a cleavage product was 
63 
undertaken by McBain et al. 	By a careful treatment with 
rn-chloroperbenzoic acid under anhydrous conditions, fonofos 
db (16) (Dyfonate; 0-ethyl S-phenyl ethyiphosphonothiolothionate) 
was converted into the oxo-analogue (22%), (18) and an 
oxygenated product (30%). 	The latter was supposed to be the 
hypothetical. oxidation intermediate. (17). 	However, it was 
later characterised64 as the phosphinyl disulphide (19); 
Scheme 18. 
.101 C2H5\ S  
C2 H 5O 	S 
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Herriott has proposed: the. structure (20) as a peracid 
oxidation intermediate . of thiophosphoryl compounds. 65 




As already noted, the active oxygen species of flavin 
containing mono-oxygenases is a hydroperoxide. (10),. and the 
similarity between model systems involving peracids and 
such enzymes has been. recognised by various workers 67 ' 68 . 
B4.4 Other Model Systems 
Hamilton 69  proposed.. that the oxenoid. reagent in flavo-
enzyme catalysed hydroxylation of phenols is a flavin derived 
ct-carbonyl carbonyl oxide (21) or vinylogous ozone formed 
from the flavin hydroperoxide (10). 
yNyNo 
NH 
- 	H 20 0 
(21) 
After this suggestion was made, much attention has been 
devoted to the structure and reactivity of carbonyl oxides 
as model oxenoids. 	For example, they are formed as 
,J -' 
intermediates in. the. ozonation of alkynes 70 , and the photo-
oxygenation of diazo compOunds 71 ' 72 . 	They can transfer 
73 	 74 	 75 oxygen to alkanes , alkenes ,. suiphides 	and aromatic 
76,77 substrates 	. 	 The structure of the active oxygen species 
has-been proposed  70  as the cyclised. trioxide form (22), 
Scheme 19, and demonstrated to be more active than peracids 70 . 
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Scheme 19 
One of the best models to date was discovered by Jerina, 
Boyd and Daly 78. 	The. photolysis of pyridine N-oxide in the 
presence of aromatic compounds caused the formation of phenols 
by an oxygen atom addition reaction and rearrangement. (Scheme 20) 
OCH3 	 OCH3 
hi 




An excellent correlation was found when comparing the NIH 
shift for the model. to that for enzymatic hydroxylation 
(Table 3). 
% Retention in 4-hydroxylated 
Product 
Substrate-4- 2 H 	 Microsomes 	N-oxide photolysis 
in CH2C12 
Anisole 60 60 
Chlorobenzene 54 62 
Bromobenzene 40 49 
Acetanilide 30. 28 
Toluene 54 59a 
a: substrate used as solvent 
Table 3 
When naphthalene was oxidised by this system 78 , 1,2- 
naphthalene-oxide (14) was isolated from the reaction mixture, 
23,59 just as it had been after enzymatic oxidation 	. 	ifl 
accord with all good models, pyridine N-oxide photolysis is 
capable of most oxidation reactions typical of mono-oxygenases 78 , 
ie aliphatic hydroxylations, dealkylations, S-oxidations, 
epoxidation of olefins, as well as. aromatic hydroxylation and 
arene oxide formation. 
Deoxygenation of heterocyclic N-oxides on photolysis is 
of considerable importance in our present study of models for 
the metabolism, of organophosphorus.pesticides. and, therefore, 
33 
this area of photochemistry will be reviewed in the next 
section (C). 
More recently, Takamuka et al. 	have developed a model 
for aromatic hydroxylation. based upon oxidation.with 0( 3 P) 
atoms produced during the y radiolysis of. liquid, carbon 
dioxide. 	The 0( 3P) atoms showed considerable electrophilic 
behaviour and a mechanism. was proposed for the. hydroxylation 
involving cationoid. (23) and 2,4-cyclohexadienone (24) 
intermediates which. accounted for their observed. NIH shifts 
with various aromatic.substrates (Scheme 21). 
CH 3 	 CH 3 
. o(3P)J 
(23) 
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Several chemical. oxidants have, now been found which 
proceed by an oxygen. atom transfer mechanism and exhibit 
the NIH shift (Table 4). 
Oxidants which cause Ar.yl Hydroxylation. and. Produce the 
NIH Shift 	 - 
% Deuterium Retention 
Oxidant in 4_Hydroxyanisolea Lit.Ref. 
or 1_Naphtholb 
9-diazofluorene, 02, hv 16' 73,78 




Cr0 2 (OAc)2 








. 8a 56 
mC1C6H4CO3H 
60b 66 
pyridine. N-oxide, 	hv 
45a 78 
pyridazine N-oxide, 	hv 
34a 78 
pyrazine N-oxide, 	hV 
52a 78 
Table 4 
The study of these systems should provide, further insight 
into the. nature of the "active oxygen" of mono-oxygenases. 
In retrospect, Hamilton's oxenoid mechanism 
44  (Scheme 
10) appears the most probable and universal for transfer of 
an oxygen atom to a substrate but developments in recent 
years using oxidants generated as coordinated oxygen atoms 
or "oxene" mean that mechanisms are postulated with greater 
certainty because they are consistent with all the observations 
of mono-oxygenases. 
35 
The discovery of the NIH shift and the study of model 
systems have led to a better understanding of the mechanism 
by which mono-oxygenases activate oxygen for the oxidation of 
organic compounds. 
_, 'J 
C. Deoxygenation of Heterocyclic N-Oxides on Photolysis 
The photochemical behaviour of aromatic N-oxides has been 
investigated extensively and was reviewed, in 197083  and again 
in 197684. 	On photolysis, aromatic N-oxides. are either 
deoxygenated or converted into other photoisomers.. For. example, 
two of the products from pyridine N-oxide 85 are the parent 
amine and 2-formylpyrrole (Scheme 22). 
'I 	II 
N CHO  
H 
Scheme 22 
Although many products from these photol.yses have been isolated 
and characterised, mechanisms proposed for their formation 
appear to vary and are seldom proved by physical or chemical 
means. 	One of the main controversies in recent years has 
been with regard to the spin multiplicity of the excited states 
that are responsible for the many reactions of aromatic 
N-oxides 83 . 	The study of the effect of molecular oxygen on 
the photochemistry of guinoline 86 , isoquinoline 83 and phtha-
lazine N-oxides 87 led to the conclusion that an excited singlet 
is responsible for the deoxygenation process. 	However, 
FNJ 
addition of a triplet sensitiser to a. solution of 2,4,6-
triphenylpyridine N-oxide dramatically increased deoxygena- 
t ion 88 . 	In this case it was concluded that. a triplet was 
responsible for the deoxygenation.. reaction. 	From further 
experiments involving sensitisers, it has been firmly 
90 established that for isoquinoline N-oxides 89, , pyridazine 
N-oxides 91  and phthalazine N-oxides 
91 , the triplet state is 
responsible .f or deoxygenation whereas. an . excited singlet leads 
to isomerisations and rearrangements. 
It has been suggested by many workers 
83  that the first 
step in light induced rearrangements of aromatic N-oxides is 
the formation of. an oxaziridine e.g. (25). 
Q  1  -*11 MN 
(25) 
There have been several, attempts 83  to observe oxaziridines 
but they have proved too thermally unstable to isolate. 
Spence et al. 83  in their review, predicted that low temperature 
photolysis coupled with spectroscopy could be of. great help in 
demonstrating oxaziridine formation.. Their prediction was 
proved, correct when in 1980, Tokumura et al. 
92,93  detected a 
stable oxaziridine intermediate (27) in the photorearrangement 
reaction of. 6-cyanophenanthridine 5-oxide (26) by matrix 
stabilisation in ethanol and in 2-methyltetrahydrofuran (MTHF) 













It has been suggested that deoxygenation also takes 
place via an intermediate oxaziridine94 . 	Photolysis of 
pyridine N-oxide in methanol or ethanol was shown to proceed 
with the formation of formaldehyde and acetaldehyde. respectively. 
The authors argued that, since oxaziridines are strong 
oxidising agents, they could oxidise the solvents. 	It had 
previously been observed that, if benzene was used as the 
solvent during the photolysis of pyridine N-oxide, phenol is 
formed95 . 	However, in this case, an alternative mechanism 
was proposed whereby the oxygen atom of the N-oxide bond 
became detached-on photolysis and existed as free "oxene" 
(with six paired electrons), analogous to a carbene or nitrene. 
This oxygen atom would then be responsible for.the oxidation 
reaction observed by undergoing an addition or insertion 
reaction with the solvent.. The argument. as to which mechanism 
is correct for oxygen atom transfer reactions is continuing 96 ' 97 . 
The following sections describe work carried out on various 
heterocyclic N-oxides and particular emphasis has been placed 
on aspects concerned with deoxygenation reactions. 
C.1 Pyridine N-Oxides 
Photolytic N-O bond cleavage was described, firstly by Hata 
and Tanaka 
98  in 1962 with pyridine N-oxide in the gas phase. 
An oxygen atom was abstracted and the. parent pyridine obtained. 
Deoxygenation processes have now been found with all, aromatic 
N-oxides on photolysis 83 . 	During studies of the gaseous 
photolysis of pyridine N-oxide it was observed that the quantum 
yield of pyridine at 254 nm was nearly independent of temperature 
whereas at 326 run the quantum yield of pyridine increased 
substantially at temperatures greater than 80 °C and the 
authors concluded that an activation energy was present during 
the production of pyridine at this wavelength. 	The N-a bond 
energy, which has been estimated at 460kJ/mol from i.r. studies 
It V 
and dipole moment considerations 99 , is in good. agreement 
with the above. observations. 	In benzene, 2,3,5,6-tetraphenyl-- 
pyridine j-oxide leads to the deoxygenated product when 
irradiated with UV light and again yields are. wavelength 
dependent (11% at 350 nm; 25% at 254 nm) 88 . 	In addition, 
the yield of oxygen abstraction products decreases with 
increasing solvent polarity 10° and it is the opinion of 
Bellamy and Streith 
84 that this is as a. result of the changing 
absorption spectrum with polarity of solvent.. 	The photolysis 
of pyridine N-oxide in an inert solvent led to the formation 
of 2-formylpyrrole. 101 (Scheme 22). 	In addition. to pyrroles, 
various hydroxypyridines and pyridones have been isolated from 
similar reactions. 	For example, 3- and 5-hydroxy-2-rnethyl- 
95 pyridine (28) 	and. 6-methyl-2-pyridone (29) 
85 have been 









Earlier, Splitter and. Calvin 102 had observed that oxaziridines, 
formed photochemical.ly from nitrones, rearranged thermally to 
amides which would correspond to a pyridone in a cyclic case. 
This led to the general postulate that the first. step in the 
photochemical reaction of an aromatic N-oxide is the formation 
of a non-isolable, unstable oxaziridine with subsequent 
rearrangement. 	As mentioned previously, deoxygenation reaction 
mechanisms have been. the subject of more discussion (p.38-39). 
2,4,6-Triphenylpyridine N-oxide gives the parent pyridine 
(13%) on photolysis, in addition to the 3-hydroxycompound and 
pyrrole. In this case, however, the 1,3-oxazepine (30) was 
isolated from the reaction 88 . 
Ph 
P h N 	h 
(30) 
With a triplet sensitiser (benzophenone) present, the parent 
pyridine was the only product. 	The authors concluded that 
deoxygenation of aromatic amine N-oxides proceed via a 
different excited state from that leading to other photo- 
products. 	This claim appears to be backed up by independent 
work on 2-cyanopyridine N-oxide (31). 
IN a.~ 
(31) 
Triplet sensitisation of a solution of the N-oxide in dichioro-
methane increased photochemical deoxygenation, whereas quenching 
with a copper salt in aqueous solution increased the extent of 
photorearrangement 103 . 
When 2-cyanopyridine-oxide (31) was photolysed in benzene 85 
an oxygen atom transfer reaction with the solvent took place; 
42 
2-cyanopyridine. (46%) was formed in - relatively high yield 
and phenol (32%) was isolated from. the reaction. 
Japanese workers  104  have investigated the photochemistry 
of 2,6-dicyanopyridine N-oxide. 	The products were the parent 
pyridine (20%), 5-cyano-2-pyrrolecarbonyl cyanide. (32) and a 








C.2 Pyridazine N-Oxides 
Ogato and Kano  105  were the first to report. some novel 
photochemical reactions of pyridàzine N-oxides. 	Irradiation 
of a methanol solution of pyridazine N-oxide derivatives (34) 
gave the corresponding deoxygenated products and hydroxymethyl 
derivatives. 	In some cases, (34d) and (34e), the isomeric 
pyrazoles were formed in low yield. 
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R 1 R 2 =CH 3 
R'=R2 =H 
C; R'=CH3 , R 2 =H 
d:.R 1 CH 3 , R 2 C1 
e: R'=CH3 , R2 =OCH 3 
(34) 
The hydroxymethylation of the pyridazine N-ox ides involved a 
reaction between an excited state of the N-oxide and the 
solvent but the authors did not postulate a mechanism for 
the deoxygenation reaction. 
Irradiation of a solution of 3-methylpyridazine 2-oxide (34c) 
in benzene or toluene resulted in the formation of the corres-
ponding phenols derived from the solvent in 30 to 40% yield 
106 based on the i-oxide consumed 	. 	 The same - products were 
obtained when the N-oxide and benzene or toluene (5-10 mol 
equiv.) were irradiated in a large excess of dichioromethane 
(Scheme 24). 	Alicyclic hydroxylation with cyclohexane and 
decalin 106 were also demonstrated by this method. (Scheme 24). 
Irradiation of the same N-oxide (34c) with ethylenic 
compounds 107 resulted in the formation .of products which were 
the same as those obtained by peracid oxidation, of the same 
alkenes 108 . 	For example, with cyclohexene the products were 
cyclohexene oxide (35), cyclohexanone (36) and cyclohexane 
diol (37); Scheme 24. 
The same photo-induced oxygenation procedure has been 
applied to polymethylbenzenes 109 . . A mixture of the N-oxide 
(34c) and 2-3 mol equivalents of the polymethylbenzene in 
dichioromethane was irradiated and in every case the main 
44 
products were phenols (Scheme 24). 	In one case, with 
hexamethylbenzene, the aliphatic hydroxylation. product 
(pentamethylbenzylalcohol) was also observed.. 	The authors 
were uncertain as to whether the reactions proceeded by 
addition of. the oxygen atom to a carbon-carbon double bond 













Deoxygenation of aromatic amine N-oxides by photolysis 
11095, has been reported by several workers 94, 	but the yields 
of deoxygenated amines in most cases have been.low (<20%). 
On the contrary, in: the case of pyridazine N-oxides, deoxy- 
genated pyridazines have been obtained..in.. considerable yields 
(30-40%) l05,106 
The photolysis of a solution of 3,6-diphenylpyridazine 
N-oxide (38) resulted in the formation of 3-benzoyl-5-phenyl- 











The intermediacy of a diazo compound was suggested by the 
appearance, during irradiation, of a persistent, intense yellow 
colour. 	After these results were published, Japanese 
workers 112 reinvestigated the photolysis of: me.thylpyrdazne 
N.-oxides to establish if other products,. apart from the parent 
pyridazines, were formed on photolysis... 	They. did not detect 
pyrazoles or furans but they did observe low yields of cyclo-
propenyl ketones (43) formed by ring closure of an intermediate 
diazo compound followed by elimination of nitrogen. 	Further 
work by the same authors 113  on these systems gave evidence for 
the formation of furans. 	A common carbene intermediate (41) , 
formed by elimination of nitrogen from a diazo compound (40) 
was then proposed for the formation of both the cyclopropenyl 
4b 
ketones (43) and the furans (42); Scheme 26. 
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C.3 Quinoline N-Oxides 
The deoxygenation of quinoline N-oxides on. photolysis, 
leading to the parent quinolines, is. & minor reaction pathway 83 , 
however, in one case reported by Buchardt et al., irradiation 
of a solution of 2-methyi-6-methoxyquinoline. N-oxide led to a 
40% yield of deoxygenated product 114 
The two general rearrangements of quinoilne N-oxides 
observed upon photolysis lead to carbostyrils (45) and benz-
[dl [1,3loxazepines (46). 	The latter products may be subject 
to further thermal rearrangement. 	These results are explained 










As an example., the main photolysis product from 2-cyano-
quinoline N-oxide in an aprotic solvent was 2-cyanobenz(dJ--
[1,31oxazepine 5 , previously identified as an oxaziridine 116 . 
Kaneko et al. 117  discovered an interesting reaction when 
irradiating 2-cyano-4-methylqüinoline Noxide in the presence 
of primary or secondary aliphatic amines which. resulted in the 
formation of N-aminocarbostyrils (47). 	This was regarded as 
good evidence for an oxaziridine intermediate (Scheme 28). 
-: 'J 
CH 3 	 CH 
CN N 	 N 0 
( 
HN(CH 3) 2 	 (47) 
Scheme 28 
Further evidence for the involvement of an oxaziridine was 
obtained by Kaneko et al. 120 when they irradiated. a solution 
of a i-substituted quinoline N-oxide in the--presence of 
triphenyiphosphine. 	Deoxygenated products were formed in 
high yield whereas the formation of photo-rearrangement products 
had been reduced to very small quantities. 	The authors discusse 
the possibility that an oxygen atom could be directly abstracted 
from the excited N-oxide, however, a more plausible mechanism 
was one where triphenylphosphine abstracted an oxygen atom from 
an oxaziridine intermediate (Scheme 29). 	Oxaziridines, derived 
from nitrones have been reduced previously with triphenyl-
phosphine 121 and, furthermore, the amounts of. the parent 
quinolines formed seemed to correlate with the estimated life- 
time of each oxaziridine species. 	That is, the longer the 






100, X oc + 	(c 6 H 5) P0 3 
X = H ,CN , C 6H 5 
Scheme 29 
C.4 Pyrimidine N-Oxides 
Remarkably little work has been concerned, with the 
photolysis of pyrimidine N-oxides but some French workers 122 
have irradiated a solution of 5-methylpyrimidifleOXide (48) 
in benzene and obtained the parent pyrimidine and phenol as 
a result of photochemical oxygen transfer from the N-oxide 




C.5 Purine N-Oxides 
Adenine 1-N-oxide (49) was found to be very sensitive 
to ultraviolet radiation 123 and tv; main pathways of decom-
position were observed; direct loss of oxygen, possibly as 
peroxide, and rearrangement of the oxygen to the adjacent 
carbon. 	The latter process was thought. to proceed through 
a three-membered oxaziridine intermediate. 
(49) 
51 
D. Reactivity of the Thiophosphoryl Group 
Neutral phosphoryl and thiophosphoryl compounds (50) can 






An electrophilic centre can be identified at the phosphorus 
atom (Scheme 30) and a nucleophilic centre at the oxygen or 
sulphur atom (Scheme 31). 
N: 
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Scheme 30 
D.1 Electrophilic Reactivity 
The electrophilic centre at the phosphorus atom is 
important in reactions such as hydrolysis 
124  and phosphoryla-
tion 125 which are fundamental to the understanding of the 
bio-organic chemistry of organophosphorus pesticides. 
Hydrolysis is the main degradative pathway in their metabolism 
(Scheme 3) and their ability to phosphorylate a serine residue 
.J I. (.4 
of acetyicholinesterase is the reason for their toxicity 
to insects and mammals (Scheme 2). 
An important contributing form of.the.transition state 
for the nucleophilic substitution at phosphorus 
124
is (51) 
from which it can be seen that increasing the polarity of 
the P-X bond should lower the energy of activation for the 
substitution by increasing the electrostatic. interaction of 
the nucleophilic and elec.trophilic centres. 
N - --- -P ------ C -A /' 
 
(51) 
If X is represented by sulphur rather than oxygen in the 
P-X bond, the rate of hydrolysis (and phosphorylation, p. 4) 
is decreased, while substitution of sulphur for oxygen in 
the P-O-C position in a triester of phosphoric acid (4) 
increases the rate of hydrolysis 124 . 	Since the oxygen and 
sulphur atoms are both relatively negative, the atom of 
greater electronegativity, oxygen, will produce the greater 
amount of positive character on phosphorus. 
i It has been established 
126  that, hydroxide on attacking 
the phosphorus atom is the rate controlling step of the 
hydrolysis reaction. 	In the ester link, the oxygen atom 
can conjugate effectively with phosphorus, thereby reducing 
its electron demand, while sulphur cannot. 	One consequence 
of this is that a mercaptide anion is a better leaving group 
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than alkoxide ion. 	In general, organophosphorus pesticides 
have bonds connecting phosphorus with.heteroatoms.. such as 
oxygen, nitrogen, sulphur and halogens, which all possess a 
lone pair of electrons, and by the donation process described 
above, can increase the electron density of phosphorus and 
render the compound less susceptible to nucleophiles. 	In a 
similar manner-the hydrolysability of the esters is increased 
by the presence of electron.. withdrawing groups and. is decreased 
by the presence of electron releasing. groups. 	Thus, in a 
detailed investigation of paraoxon. (4) analogues, Fukuto and 
Metcalf 127  found a. linear relationship between hydrolysability 
and Hainmett's a constants of substituents on the phenyl ring. 
The p-nitro derivative, paraxon itself, whose a constant is 
+1.27 was hydrolysed faster than. the unsubstituted form (a=0) 
and considerably faster than the rn-dimethylamino derivative 
(a= -0.211). 	A similar relationship has been observed with 
a series of diethyl_(p-subst1tuted.)phenylphOsphOrOdithiOateS 128 
Phosphorylation mechanisms resemble hydrolysis in many 
aspects and organophosphorus pesticides which are susceptible 
to hydrolysis generally have a high phosphorylating activity, 
for example, towards cholinesterases 129 . 
D.2 Nucleophilic Reactivity 
It has generally been concluded that. there is less 
phosphorus-sulphur 'if bonding in thiophosphoryl. compounds than 
phosphorus-oxygen it bonding in phosphoryl compounds 13° ,131,139 
The lone pairs on sulphur overlap with the d-orbitals of the 
phosphorus atom less efficiently than.. in the case of the lone 
pairs on oxygen. 	This results in several observed differences 
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between the phosphorus-sulphur bond and the phosphorus oxygen 
bond; in their force constants 132 , bond lengths 133, and 
3 1 P n.m.r. shifts which are at lower field for sulphides than 
for the corresponding oxides 134 . 
Reactions in which the thiophosphoryl sulphur functions 
as a nucleophile (Scheme 31) differ considerably from those 
involving phosphoryl compounds. 
-* B-P-X-R + :Z 
C ' 	 C'  
A,B,C alkyl 	X=S 	RZ=CH3 I 
Scheme 31 
This has been explained on the basis of Pearson's acid-base 
concept 131 ' 135 . 	Oxygen is a "hard base" and so reacts 
preferentially with "hard acids" (protons, A metals, carbonyl 
carbon, phosphoryl phosphorus) whereas sulphur is a typical 
"soft base" and reacts mainly with "soft acids" (B metals, 
tetrahedral carbon, halogens). 	An example of this is their 
hydrogen bonding ability which is strong in phosphoryl 
compounds but much weaker in thi.ophosphoryl compounds 136 
the resulting lower solubility in water and greater resistance 
to hydrolysis were deciding factors in the development of the 
phosphorothionate pesticides. 
Further examples of this difference in behaviour between 
thiophosphoryl and phosphoryl compounds have been observed. 
.1 T 
Phosphine sulphides can be alkylated. even, with alkyl halides 
to form alkyiphosphonium salts as illustrated.by the Pistschimuka 













The substituents. A and B favour the reaction in the order 
Cl < RS < RO < R < R 2  N by increasing the nucleophilic strength 
of the sulphur atom 138 
The analogous reaction of phosphine oxides takes place 
only with stronger alkylating agents 140 . 	In fact, 0 to S 
transalkylation is a characteristic of many esters of phos- 
phorothionic. acid, and this so-called thiono-thiolo isomerisation 
may be carried out thermally, catalytically or by reactions 
with alkyl halides.. 	Fukuto and Metcalf 141  have studied the 
thermal isomerisation of the labelled pesticide, 31 P Systox 
(52) and found it to be complete in 4 h at 120-130 °C (Scheme 33). 
-'-I 
(Eto) 32 P(S)OCHCH SEt —* (EtO) 232P(0)SCH 2CH 2 S Et 
(52) 
Scheme 33 
Metcalf and March 142  have carried out similar isomerisations 
on parathion (2), methyl. parathion (3) and malathion at 150 °C. 
These types of isomerisations can also be conducted with 
catalysts such as Hg1 2 , FeC1 3 , Ph3 P, Et4NI or CF3CO2H 143,144 
Any nucleophilic attack by the thiophosphoryl sulphur 
leads to a decrease-in the charge density of the phosphorus 
atom and as a result the latter becomes. more open to nucleo-
philic attack. 	For example, trialkylphosphorothionates react 
with chlorine, with elimination of alkyl.hallde and formation 
of bis(alkoxy)phosphorylsulphenyl chlorides (53) (Michalski 
reaction) 145 ; Scheme 34. 
(RRo) 3 P =S ci -'i 
RO\/SCI 
10 	








Suiphuryl chloride is a better reagent. for the preparation of 
(53), however, conversion decreases rapidly in the order 
56 
(c 2H 50) 3 P > (C 6H50) (C 2H 50)2IPS > (4-0 2NC 6H 40) (C 2H 50) 2 P 
(402Nc640) 22 Psagain showing the effect of the 
substituents on the nucleophilic strength of the thiono 
146 
sulphur 
Tertiary phosphine sulphides have been oxidised to their 
corresponding oxides by many reagents including nitric acid 149 , 
147 	 148,149 
bromine/alkali 	, hydrogen peroxide 	, potassium 
perinanganate 149 and thionyl chloride 150 . 	The undoubted driving 
force for these reactions is the higher thermal. stability of 
the phosphine oxides which is exemplified, in the difference In 
dissociation energy 
151  of the P=O bond (578 kJ/mol) as compared 
to that of the P=S bond (383 kJ/mol).. 	Similarly, phosphoro- 
thionate esters are oxidatively transformed. to phosphate 
esters. 	For example, dinitrogentetroxide converts parathion 
(2) to paraoxon (4) in about. 90% yield at room temperature152 . 
For preparative purposes in enzymatic analysis nitric acid 
is often the oxidant 153 . 
Despite the diversity of reagents which.have been employed 
to carry out this oxidation little data on the mechanism or 
stereochemistry of the reaction is available. 	Homer and 
Winkler 154 have shown that the oxidation of methylphenyl-n-
propylphosphine sulphide to the corresponding oxide with 
potassium permanganate in pyridine proceeds with retention of 
configuration at phosphorus. 	Oxidation of a-methyl tert- 
butylphenylphosphinothioate with hydrogen peroxide in ref luxing 
ethanol was reported to maintain the optical activity in the 
65,155 	 156 product 	. Polish workers 	have shown. that nitric acid 
oxidation of a thiophosphoryl compound proceeded. with ca 85% 
net inversion, while oxidation with. dinitrogentetroxide gave 
o to 7% net retention. 	During the peracid. oxidation of 
phosphinothioates 65 it was reported. that. the. stereochemistry 
at phosphorus was either retained or inverted, depending on 
the acidity of the system. 
E. Programme. of Research 
As mentioned before., the metabolic, conversions of 
parathion (2), and therefore presumably of other phosphoro-
thionates, are brought about by the same group of enzymes 
which mediate in hydroxylation of xenobiotics... The detailed 
mechanism of the reaction of phosphorothiona.tes.with these 
enzymes and the.nature of the intermediates involved has not, 
however, been elucidated.. 	It was.proposed. that this might 
be remedied by the study of model systems using model 
substrates such..as trialkyiphosphorothionates (54) or triaryl-







The main priority of the research. was to study the phosphoro-
thionate to phosphate conversion (Scheme. 4) and to attempt to 
determine the mechanism. of the reaction.. with. the model systems. 
The model compounds lack a good leaving, group and. would not 
so readily undergo the competing hydrolytic type reaction 
(Scheme 3, P. 5 ), thus simplifying the system. 
The validity of a model system as-.a mimic for the mono-
oxygenase enzymes can be assessed on the basis of its ability 
to accomplish the NIH shift 26 (Scheme 13).. 	As a direct 
result of this many potential models for microsomal hydroxyla-
tion could be discounted, particularly the widely investigated 
systems involving aqueous solutions of metal ions and hydrogen 
donors (Table 1). 
The model systems studied, therefore, for the parathion 
(2) toparaoxon (4) conversion, were. those .that. had been shown, 
or could be shown. to hydroxylate aromatic. systems with 
concomitant NIH shift. 
One such model system, trifluoroperaceticacid, has been 
investigated by Ptashne and Neal 62  but this. is a relatively 
poor model. for microsomal hydroxylase enzymes since the degree 
of NIH shift. observed is sometimes badly in. ac.cord with that 
observed with liver microsomes 53 . 
A far better. model., in that it gives closely similar NIH 
shifts to the natural reaction is the photolytically induced 
transfer of oxygen from pyridine N-oxide to an aromatic sub-
strate . 	This reaction had not been. investigated as a 
model for the microsomal metabolism of phosphorothionates and 
this was one objective of our research. 	It appeared that 
chromyl acetate was also worthy of a similar, investigation as 
hydroxylative. reactions catalysed. by.this metal. complex had 
been shown to proceed. with NIH shift 82 
Finally, there had been many reports in the literature 70-77 
that. the photo-oxidation of diazo compounds resulted in an 
intermediate.which was capable of oxygen. transfer reactions 
and the NIH shift. 	It was important, for. us to extend this 
research in order to simulate the metabolic, activation of 
phosphorothionates. 
EXPERIMENTAL 
A. 	Symbols and Abbreviations 
M.P. melting point 
b.p. boiling point 
t.l.c. thin-layer chromatography 
g.l.c. gas-liquid chromatography 
g. l.c./m.s. gas-liquid chromatography coupled 
with mass spectrometry 
h.p.l.c. high pressure liquid chromatography 
n.m.r. nuclear magnetic resonance 
s; 	d; 	t; 	q; 	m singlet; doublet.; triplet; quartet; 
multiplet 
J coupling constant 
6 chemical shift 
i..r. infra-red 
wavenumber (cm 1 ) 
M+ 	 mass of molecular ion 
m/e 	 mass to charge ratio 
h; mm; s 	hours; minutes; seconds 
p.p.m_ 	 parts per million 
mumol; mol 	millimoles; moles 
U.V. 	 ultra-violet 
w/v 	 weight/volume ratio 
lit, 	 literature 
- 	b  
B. 	Instrumentation and General Techniques 
Melting Points. Melting points of new compounds were 
obtained. on a Kofler hot-stage apparatus.. All others were 
obtained using Gallenkamp (capillary) apparatus. 
Nuclear Magnetic Resonance.Spectroscopy 
Routine 60MHz 'H n.m.r. spectra were recorded on a 
Varian EM360 spectrometer... 100MHz spectra of. new compounds 
were obtained using a Varian HA100 spectrometer operated by 
Mr. J. Millar. 	Chemical shifts 	are measured in parts 
per million relative to tetramethylsilane (T.M.S.) as standard 
(5=0.0). 
31 P n.m.r.. spectra were recorded on a Jeol FX60 spectro- 
meter. 	Chemical shifts (dp) are. measured in p.p.m. relative 
to 85% external phosphoric acid (6=0.0).. Shifts to high 
frequency of the standard are positive. 	Where appropriate, 
approximate yields (%) are calculated from the relative peak 
areas and are given in brackets, usually following the 
chemical shift. 
Infra-red Spectroscopy. 	I.r. spectra were recorded on a 
Perkin-Elmer 157G Grating Spectrophotometer. 	Liquid samples 
were recorded as thin films.. 	Solid samples were recorded as 
nujol mulls, potassium bromide discs or in solution in chloro-
form. 
Ultra-violet Spectroscopy.. 	U.V. spectra were recorded on a 
Unicam SP800 spectrophotometer. 	Solutions of samples were 
prepared in carbon tetrachloride or dichioromethane. 
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Mass Spectroscopy. 	Mass spectra and exact masses were 
obtained on an-AEI MS902 mass spectrometer operated by Mr. 
D.Thomas. 
Optical Activity. 	Angular rotations (cL) were measured on a 
Perkin-Elmer 141 Polarimeter using the yellow sodium line 
(D, 589 nm). 	Solutions of. the compounds (c=1.0-3.0) were 
made up in benzene (AR) or methanol. (AR), where c is the 
number of grams of compound in 100 ml of solution, and pipetted 
into a one decimetre cell (2=1). 	Specific rotations were 
calculated from: [a] Temp.
=  lOOct 
D 	Zc 
Elemental. Analysis.. Microanalyses of all new compounds were 
obtained, using a Perkin-Elmer. model 240 analyser operated by 
Mr. J. Grunbaum. 
Gas-liquid Chromatography. 	All g.l.c.. analyses were carried 
out on Pye Series 104 or 204 chromatographs equipped with flame 
ionisation detectors and using glass, 1.5m x 4mm i.d. packed 
columns. 	The carrier gas was nitrogen in all cases and the 
flow rates used were those recommended by the manufacturers. 
The stationary phases employed were polyethyleneglycol (CAR 20M), 
neopentyiglycol. succinate (NGPS), methylsilicone gum (SE30), 
dimethyl silicone gum (OV-1) and methyl/phenyl silicone fluid 
(OV-17). 	Quantitative measurements were made using the 
internal standard technique; at least two calibration mixtures, 
containing authentic samples of the compounds to be quantified 
in about the same concentration. as in the unknown mixture, 
were used to obtain a consistent value for a correction factor 
(K). 	For example, if a calibration mixture contained 
grams of compound x and W grams of the internal standard 
and gave corresponding peak. areas A 
X 
and A1 5 , then the 




The total product mixture. was weighed and then the internal 
standard (Wi 5 ). added to a sample of known weight (W5 ). 	If the 
compound x and the. internal standard gave, peak areas A'  and 
A 51 then the weight % of x present in the product mixture was 
given by: 
KWi A' %x =x s x 	x 100-s 
A- W is 5 
Gas-liquid Chromatography/Mass Spectroscopy 
Reaction mixtures were. examined on a Vg Micromass 12 spectro-
meter coupled to a Pye Series 104 chromatograph using helium 
as a carrier gas.. The instrument was operated by Miss 0. 
Johnson or. Miss E. Stevenson. 
High Pressure.Liquid Chromatography. 	All analyses were  
carried out on a reverse-phase system using a 25x0.5 cm 
polished stainless steel column packed with 6 micron octadecyl- 
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silica (aDS) by the method of Knox. 	A dual. solvent system 
was employed consisting of methanol (79%) and water (21%). 
Pressures.of ca 800 lb/in 2 were produced by twin Altex 110A 
pumps resulting in a flow rate of about 1 ml/min. 	The system 
was coupled through a Spectra-Physics Autolab integrator to 
a Cecil CE12 U.V. detector and Servoscribe is pen-recorder. 
Quantitative measurements were made using the internal standard 
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technique as described, previously for gas-liquid chromato-
graphy. 
Thin-layer Chromatography. 	Chromatograms were developed on 
0.33 mm layers of alumina (Merck, Aluminium Oxide G) or silica 
gel (Merck, Silica Gel. G) containing Woelm. fluorescent green 
indicator (0.5%). 	Coinpourids.of the chromatogram.were detected 
by their quenching of fluorescence under U.V. light, or by 
their absorption of. iodine. 
Photolysis. 	All photolyses were carried out under nitrogen, 
in dry, degassed. solution and where possible,, with stirring. 
Operating conditions are described in the appropriate 
experimental. sections. 
C. 	Nomenclature 
Polymer bound compounds are named by using the symbol 






1 4 "D 
In all cases the polymer is functionalised. at the para-
position of one of the benzene ring S. 	It is important to 
not that firstly, for convenience, the benzene. ring of the 
polystyrene which is functionalised is not included, with the 
symbol () but is named in full and secondly, not all reactive 
centres of the polymer, employed to attach the.compounds of 
interest may be used. up in functionalisation and so would 
remain attached to the polymer in their original form.- 




This compound is named 3-(4 1 -(D -benzoyloxymethyl)-6-methyl-
pyridazine N-oxide.. The locant 3 refers to the position of 
attachment to the pyridazine ring. 
D. Preparation of. Materials 
Solvents and Reagents 
Ether was dried over sodium wire.. 	Tetrahydrofuran (THF) , 
benzene and pyridine were distilled from calcium hydride and 
stored over molecular sieve. 	Methanol was distilled from 
magnesium methoxide and stored over molecular sieve. Chloro-
form and dichioromethane were passed down an. alumina column and 
stored over, calcium chloride. 	Carbon tetrachloride was 
"azeotroped,t' distilled and finally stored over calcium. chloride. 
Triethylamine was redistilled. and stored over sodium hydroxide. 
Aniline was distilled from a. small amount of zinc powder to 
prevent oxidation.. Dry deuteriochloroform was distilled and 
stored over molecular sieve. 	All other reagents were re- 
crystallised or distilled, as necessary. 
Trimethyiphosphorothionate was prepared by the method of 
158 Emmett and Jones 	. 	Reaction of thiophosphorylchloride (65.0 
g, 0.384 mol) with a solution of sodium methoxide (22.4 g of 
sodium in 250 ml methanol). at 0 
0  C gave trimethyiphosphoro-
thionate (39.2 g, 65%), b.p. 75-82 °C/5 mm (lit. 158 75°C/3 mm) 
as a colourless liquid. 	op (CDC1 3 ) : +72.5 p.p.m. 
Triethylphosphorothionate was prepared by the method of 
Strecker and Spitaler 
159 . 	Reaction of triethyl phosphite 
(63.6 g, 0.383 mol) with sulphur. (12.3 g, 0.384 mo1 gave the 
product (53..7 g, 71%), b.p.80-82
0C/6 mm (lit. 159  95.5°C/12 mm) 
as a colourless liquid. 	Op: +67.5 p.p.m. 
TriphenylphosphorothiOflate was prepared by the method of 
Gottlieb 160 . 	Reaction of triphenyl phosphite (77.6 g, 0.25 
mol) with thiophosphoryl chloride (42.4 g, 0.25 mol) at 100°C 
67 
and subsequent removal of the phosphorus trichloride by 
distillation gave the crude product as an off-white solid. 
Recrystallisation. from petrol.(40:60) gave triphenyiphosphoro-
thionate (62.0 g, 73%) as a white solid, m.p. 51-53 °C (lit.' 61 
53°C). 	6p (CDC1 3 ): +53.1 p.p.m. 
(5) Triaryiphosphine Sulphides and Oxides 
The relevant data concerning all triaryiphosphine sulphides 
and their corresponding oxides which were prepared is given in 
Tables 5 and.. 6. 	The purities of the sulphides were checked 
by 31 P n.m.r. to ensure that no oxide was present. 
Tri-2-tolyl-, tri--anisyl, tri-biphenyl-, and tn-2-
chiorophenyiphosphine sulphide (b)-(e) were all, prepared from 
the reaction of the corresponding phosphine with sulphur. 	The 
phosphines were prepared from the reaction of the appropriate 
-substituted..phenylmagnesium bromide with phosphorus trichloride. 
Tri--carbomethoxyphenyl-, and tni--cyanopheny1phosphine 
sulphides, (g) and (h), were prepared from tni--tolylphosphine 
by normal functional, group conversions. 	Both preparations 
involved, removal of oxygen from the corresponding phosphine 
oxides (0) and (p) with tnichlorosilane and subsequent reaction 
with sulphur. 
Tri-p-tolyl-, tni--anisyl--, and tni-biphenylphosphine 
oxides, (j)-(l), were all prepared from the corresponding 
phosphines by reaction with bromine and subsequent hydrolysis 
of the bromophosphonium salt with aqueous sodium hydroxide. 
Tri--chlorophenylphosphine oxide (m) was prepared by the 
reaction of thionyl chloride with the corresponding phosphine 
sulphide, (e). The identification of all compounds was by m.p. 




R Overall m.p. 	(recrystallisation 31 P n.m.r. Lit.Method and m.p. 
Yield .(%) solvent) dp 	(CDC1 3 ) P.P.M. ( °C) 
(a) R=H 100 160-162 (ethanol) +43.3 158° 162,163 
(b) Me 44 183-185° (ethanol) +42.3 185-186° 
164,165 
(c) MeO 32 109-110 (ethanol) +40.7 109-1100 
164,165 
(d) Ph 33 247-251 (methanol/ +42.3 248-253° 166 
chloroform 
(e) C9., 52 150-151 ° (methanol! +41.3 152-1530 164,166 
acetone 
(f) CO2H 21 315-320° (methanol/water) +41.3 (d 6DMSO) 321-323° 
167 
(g) CO2Me 29 172-175° (methanol) +40.8 (d 6 -benzene) 178-179° 
167 
(h) CEN 15 251-254 ° (methanol) +40.2 (d 6 -benzene) 255-260° 167 
Table 6 
Triaryiphosphine Oxides 
RP=O Q) Overall m.p. 0C 	(recrystallisation 31 P 	n.m.r.  
Yield 	(%) solvent) 6p 	(CDC1 3 ) 	P.P.M. 
 R=H 42 153-154° +28.9 
 Me 95 141-143 	(benzene) +29.1 
 MeO 54 143-144° 	(benzene) +28.5 
(Q) Ph 62 240-241 ° 	(ethanol) +28.8 
 C9 27 168-172° 	(petrol, 	100:120) +27.3 
 CO 2 H 51 325-331 ° 	(methanol/water) +24.5 	(d6DMSO) 
 CO 2Me 37 115-1170 	(benzene) +27.0 
 CN 23 201-206° 	(benzene/petrol, +24.9 
40:60) 













Chromyl Acetate was prepared by the method of Krauss. 171,172 
•Reaction of chromium trioxide (40.0 g, 0.40 mol) with acetic 
anhydride (16.0 g, 0.157 mol) in carbon tetrachloride (160 ml) 
at 25°C for 5 h, gave the product as a red oil (16.9 g, 53%), 
6  (CDC1 3 ): 2.3 (s, COCH3 ) 	U.V. (CCl) Xmaxl  420. and 293 nm 
(lit. 171 400, 283 rim). 
[4- 2 H]Aromatic Compounds were all, prepared by the hydrolysis 
of the appropriate arylmagnesium bromide. with [2  HIH2O.56,173  
The general procedure is illustrated by the preparation of 
[4- 2 H]Anisole. 	4-Anisylmagnesium bromide was prepared from 
magnesium (2.6 g, 0.107 mol) and 4-bromoanisole (20.0 g, 0.107 
mol) in ether (80 ml) and reacted with deuterium-oxide, [ 2 H]H 20, 
(6.0 ml, 0.3 mol). 	The reaction mixture. was then extracted 
with ether (3x100 ml) and the extract. dried, over magnesium 
sulphate. 	The solvent was removed on a. .rotary evaporator 
and the residue distilled to give the required product (9.2 g, 
79%), b.p. 54 °C/20 mm (lit. 174  155°C). 
The deuterium incorporation was determined from the mass 
spectrum of the product by comparison of the molecular ion to 
that of the same compound with only the natural abundance of 
deuterium. 
(4 -2 H]Aroma.tic compounds prepared in this way are shown in 
Table 7. 
4-Bromobiphenyl was prepared by the method of Elks, Haworth 
and Hey 175 in 32% yield by the reaction of. 4-bromophenyl-
diazonium chloride with aqueous sodium hydroxide and benzene. 
B.p. 164-167°C/6 mm; m.p.84-86 0C (ethanol), (lit. 175 b.p.170-
175 0C/8 mm; m.p.90 0C). 
4-Bromodiphenyl ether was prepared by the method of Suter, 176 
in 63% yield, by the bromination of diphenyl ether in carbon 
tetrachloride. 	B.p.154-157 0C/6 mm, (lit. 174  163 0C/1 mm). 
71 
4-Bromophenyl-benzyi ether was prepared by the method 
of Powell and Adams 177 , in 55 yield, by the benzylation of 
4-bromophenol in acetone. 	M.p. 60-62 °C (petrol, 40:60), 
(lit.' 77  64°C). 
Table 7 
[4_2 H] Aromatic Compounds 
[4- 2H]Aromatic Yield b.p. lit.b.p. 
Anisole 79% 54
0C/20mm 155°C 174 
Chlorobenzene 63% 129-131 °C 132°C 174 
Toluene 58% 109-110 0C 110.6°C 	
174 
Biphenyl 72% 138-140






Diphenyl ether 	49% 	119-122
0C/6nun 	1210C/10nim 174 	71% 
Benzyl- [4 -2 H] - 	66% 	110-116
0C/0.3mm 124-125 °C/4mm161 	72% 
phenyl ether 
(8) Diphenyldiazomethane 
Benzophenone hydrazone (43.3 g, 67%) was prepared by the 
reaction of benzophenone (60.0 g 0.329 mol) with hydrazine 
hydrate (15.3 g, 0.306 mol) in ref luxing ethane diol (300 ml) 
for 2 h. 	After cooling the solution, the pale yellow solid 
which had formed was filtered-off and recrystallised from 
ethanol. 	M.p.92-94 0C (lit. 161  98°C). 
Diphenyldiazomethane was then prepared by the method of 
Miller. 172,178 	A mixture of benzophenone. hydrazone (13.0 g, 
0.066 mol) , yellow mercuric oxide (35.0 g, 0.162 mol) 
anhydrous sodium sulphate (15.0 g), a saturated solution of 
potassium hydroxide in ethanol (5 ml), all in ether (200 ml), 
I' 
was shaken for 75 min in a pressure bottle. 	The suspension 
was then filtered to give a. dark red solution. The solvent was 
removed on a rotary evaporator and the residue taken up in 
petrol (40:60). 	The solvent was again removed on a rotary 
evaporator to give the required product (7.8 g, 62%) as a dark 




Benzil monohydrazone 172 , required. for. the. preparation of 
benzoylphenyldiazomethane, was prepared. by the slow addition of 
hydrazine hydrate (23.8 g, 0.475 mol) to a hot solution of 
benzil (100.0 g, 0.476 mol) in ethanol (350 ml). 	Heating the 
solution under ref lux for 10 min and subsequent cooling allowed 
the product to crystallise out.as  a white solid (77.2 g, 72%), 
161 	o 
M.P. 143-145 o  C (lit. 	151 C). 	Benzoylphenyldiazomethane was 
then prepared by the method of Nenitzescu and Solomonica 172 ' 179 
A mixture of benzil monohydrazone (30.0 g, 0.134 mol) yellow 
mercuric oxide (60.7 g, 0.280 mol), anhydrous sodium sulphate 
(15.0 g), a saturated solution of potassium hydroxide in 
ethanol (4 ml), all. in ether. (200 ml) was shaken for 15 mm 
in a pressure bottle. 	The suspension was then filtered to 
give an orange solution.. 	The solvent was removed, on a rotary 
evaporator and recrystallisa.tion of the residue from ether 
afforded the product as orange crystals, m.p.62
0C, decomp. 
172 	o 
(lit. 	79 C., decomp.). 
Pyridiniurn bis (methoxycarbonyl)methylide 
Methyl bromomalonate (80.1 g, 50%), required for the 
preparation of the ylide, was prepared by the method of Gallus 
180 
and Macbeth 	, by bromination of diinethyl malonate, b.p.101- 
Ij 
103 °C/7 mm (lit. 180  110-1120C/15 mm). 
The ylide was then. prepared by a modified. version of the 
method described by Kobayashi et al. 
181 A solution of methyl 
bromomalonate. (45.98 g, 0.218 mol.) and .pyridine (18.9 g, 0.239 
mol) in acetone (300 ml) was heated at 60 °C. until t.l.c. showed 
that no ester remained (6 h). 	After cooling the solution, 
any precipitated solid was filtered. of f. and. dissolved in 
water. 	The aqueous solution was then basified. with. potassium 
carbonate. and extracted with chloroform-. - After removing the 
solvent from the extract on a rotary evaporator, the crude 
product was obtained.and recrystallised from acetone to give 
yellow, crystals (27.6 g, 61%). 	M.p.182-184 0C, (lit. 181  183- 
184 °C) 
6  (CDC1 3 ) 	3.75 (6H, s, OCH 3 ) , 7.58-8.78 (5H, m, aromatic) 
t -Rose Bengal 
The polymer bound photosensitiser, 	-Rose bengal, was 
prepared by the method of Blossey et al. 182 Rose bengal 
(2_0 g, 2.1 rnmol) and chioromethylated styrene-divinylbenzene 
copolymer (3.97 g, 0.7 mequiv/g, 200-400 mesh) were stirred 
together in dimethylformamide (60 ml) and the suspension heated 
under ref lux for 20 h. 	The dark red polymer was then filtered 
off, washed, and dried in a vacuum oven at 60 °C/0.1 mm to a 
final weight of 4.03 g. 
Triphenyl phosphite - Ozone adduct 
The adduct was prepared by a similar method to that of 
Murray and Kaplan 183 . 	A solution of triphenyl phosphite (6.2 g, 
0.02 mol) in dichioromethane (3.0 ml) was cooled to -78 °C. 
Ozone was then passed through the solution from a Towers 
Ozonizer, operating at 7,500V, until the solution had changed 
I-f 
from a. yellow colour, to pale blue (Ca 1.5 h). 	The solution 
was then purged with nitrogen, to remove any excess ozone and 
stored at -78 °C. 	cSp (CDC1 3 ): -63 p.p.m. 
(1.3) Trifluoroperacetic acid was prepared. by the method of 
Emmons and Pagano 184 , by the cautious addition. of 90% w/v 
hydrogen peroxide (2.05. ml., 0.054 mol) to trifluoroacetic 
anhydride (13 ml, 0.092 mol) in dichloromethane (50 ml) at 
0°C. 	The mixture was stirred continuously until it became 
homogeneous (5 h). 
Pyridine N-oxide; Boron Trifluoride. Adduct was prepared 
by the. method of Sainrnes, Serra-Errante and Tinker 185 . Boron 
trifluoride etherate (2.9 ml,, 23.6 mmol) was added to a solution 
of pyridine N-oxide (2.14 g, 22.5 mmol) in chloroform (40 ml). 
After stirring the solution for 50 min under nitrogen, the 
solvent was removed under vacuum to afford.. the adduct as a 
white solid (3.6 g, 94%), m..p.93-94 0C (lit.' 85 97°C). 
3,6-Dimethylpyridaz.ine was prepared by a modified version 
of the method described by Overberger, Byrd and Mesrobian 186 . 
Hydrazine hydrate (22.0 g, 0.44 mol) was. added under nitrogen 
to acetonylacetone (50.0 g, 0.438 mol) at a rate to maintain 
the reaction temperature between 30 °C and 40 °C (ca 1 h). 	The 
mixture was left for 1 h and then heated to 90 °C for 20 mm. 
After cooling, the mixture was extracted with ether (4x75 ml) 
and the extract dried over anhydrous sodium carbonate. After 
removing the solvent on.a rotary evaporator the residue was 
distilled to give a pale yellow viscous oil (22.7 g), b.p.165-
170 0C/21 mm (lit. 186  115°C/1.5 mm) . 	The oil was then dissolved 
in distilled water (40 ml) and hydrogen peroxide (47.0 g, 
75 
27.5% w/v) added slowly while heating the solution on a 
steam-bath.. Any excess peroxide was. decomposed by stirring 
the solution with.a small. amount of. 5% platinised-asbestos. 
The aqueous solution, was then extracted. with dichiorornethane 
(3x100 ml) and the extract.dried over.anhydrous sodium 
carbonate. 	After. removing the. solvent on a. rotary evaporator 
the residue was distilled, to give a pale yellow liquid (12.2 g) 
identified as 3,6-dimethylpyridazine (26%), b..p.107-108 0C/21 mm 
(lit.' 86  66°C/2.5 mm). 	oH (CDC1 3 ) : 2.69 (6H, s, CH 3 ) 
7.32 (2H, s, aromatic). 
(16). Various heterocyclic. N-oxides were prepared by literature 
methods involving peracid. oxidation of the parent heterocycle. 
Solutions of peracetic acid. were.. used in all cases apart from 
quinoline N-oxide which required. rn-chloroperbenzoic acid. The 
general method is illustrated by the preparation of 4-picoline 
N-oxide.. 	A solution of 4-picoline (20.0 g, 0.215 mol) and 
hydrogen peroxide (54 ml, 27.5% w/v) in glacial acetic acid 
(160 ml) was heated. at. 80 °C for 4 h after which a further 
volume of hydrogen peroxide. (27 ml) was added and heating 
continued for 9 ii. 	Water. (100 ml.) was then added and the 
solvents removed. on a. rotary evaporator. 	After repeating 
this last step the residue .was neutralised with sodium carbonate 
and extracted with chloroform. (4x100 ml). 	After drying the 
extract over sodium sulphate the solvent was removed on a rotary 
evaporator to give a yellow oil which failed to crystallise. 
The oil was then chromatographed on alumina and elution with 




N-Oxide Yield m.p. 	or 
a 
b.p. litm.p. or b.p. 
and Method 
4-picoline 59% 182-185°C 185-1860C 
187,188 
2,6-lutidine 66% 123_1260 C/15mma 115-119°C/ 
187 18mm 
2-cyanopyridine 66% 117-1180C (ethanol) 116-1i80C 
188,189 
4-cyanopyridine 74% 226-227 °C (ethanol) 224-226°C 
188,190 
quinoline 67% 51-53 °C (dihydrate) 52-55°C 
191,192 
2-cyanoquinoline 69% :167-168 °c (ethanol) 169-170°C 193,194 
pyridazine 39% :34-36 0c (sublimed) 38-39°C 195 




36% 	(1-oxide) 63-64°C 68-69°C 
3,6-dimethyl- 58% 110-112 °C petrol 	(40:60) 113-1140C 
188,199 
pyridazine 	 /ethanol 
b. crude mixture chromatographed' on alumina. 
Identification 
Hn.m.r. 
'H n.m.r. u.v.(CH Cl 
A max 
 271m (c 175) 
m/e 96 (M,71%), 80 
(M 0, 100) 
1 11 n.m.r. 198  
'H n.m.r. 
4-Phenylpyridine was prepared by the method of Ochiai 188 
by deoxygenation of 4-phenylpyridine N-oxide (1.0 g, 5.3 rumol) 
with phosphorus trichioride (2.3 g, 16.7 mmol) in chloroform 
(15 ml). 	Work-up followed, by recrystallisation from ethanol/ 
water gave 4-phenylpyridine (0.65 g, 72%). 	m.p. 75-76 
o 
 C (lit. 
174 
77-78°C. 	M/e 155 (M). 
2-Cyano-4-methylpyridine was prepared by the method of 
Feely and Beavers 200. 	Firstly, the N-methoxyinethyl sulphate 
salt of 4'-picoline N-oxide (50.0 g, 0.458 mol) was prepared by 
reaction of the N-oxide with dimethyl' sulphate (57.8 g, 0.458 
mol). 	The crude product was recrystallised from. acetone to 
afford the salt (70.5 g, 65%) as a white solid. 	This salt 
was then added. slowly to a solution of sodium cyanide (44.4 g, 
0.91 mol) in water (75 ml) at 10 °C and then stirred for 8 h. 
Work-up followed by recrystallisation from petrol (40:60)/ 
ethanol gave the required product (15.8 g, 45%) as orange 
crystals,. m.p. 86-88 °C (lit. 200 89-91C). 
2-Cyanoquinoline. was prepared. by the method of Montanan 
and Pentimalli) 93 . 	Quinoline N-oxide (2.6 g, 17.9 rrimol) was 
added to a solution of potassium cyanide (3.75 g, 5746 mrnol) 
in water (100 ml) and then benzoyl chloride (3.1 g, 0.022 mol) 
was added over 0.5 h. 	Subsequent work-up yielded 2-cyano- 





 94 oC). 
2-Cyano-benz[d] (1,3]oxazepine was prepared by irradiation 
of a solution of 2-cyanoquinoline N-oxide (0.40 g, 2.35 rnmol) 
in methanol (150 ml) through pyrex by an Applied Photophysics 
(125W) medium pressure mercury lamp until examination of the 
US solution by h.p.l.c. showed no starting material left (3 h). 
The solvent was then removed on a rotary evaporator and the 
residue. recrystallised from n-hexane to give the required 
product (0.31 g, 78%) as yellow crystals, m.p.65-66 0C (lit. 115 
65-66°C). 	5H (CDC 1 3 ): 5.72 and 5.91 (21i, AB, J=6Hz, olefinic), 
6.86-7.27 (4H, m, ArH) 
N-Butylaniline was prepared by the. method of Vogel 201  
by reaction of aniline (46.0 g, 0.494 mol.) with 1-bromobutane 
(27.4 g, 0.2 mol) at 170-180 °C for 7 h. 	Extensive work-up 
gave the product (19.5 g, 65%) as •a colourless, liquid, b.p. 
119-1220C/15 mm (lit. 174  118-120°C/15 mm) 
N-Octylaniiine was prepared by the. method of Vogel 201 
by reaction of aniline (19.5 g, 0.209 mol) with 1-bromooctane 
(16.2 g, 0.084 mol) at 160-180 0C for 6 h.. 	Extensive work-up 
gave the product (12.1 g, 70%) as a colourless liquid, b.p. 
166-167°C/9 mm (lit. 202  177-178°C/25 mm). 
Isoalloxazine 5-Oxides and Isoalloxazines were prepared 
by the methods of Yoneda et al. 203 	6-Ch.lorouracil, which was 
required in the preparation of the Isoalloxaz.ine 5-Oxides, was 
prepared by the method. of Horwitz and Tomson 204 , in 78% yield. 
o 	 ,... 204 	.o. 	 + M.P. 292-294 C, Qecomp. (lit. 	-iOO C) , m/e; 146/148 (M).  
6-(N-Alkylanilino)uracils were prepared by the reaction 
of 6-chiorouracil with the appropriate N-alkylaniline at 170-180 °C. 
The nitrosative cyclisation of 6-(N-alkylaniline)uracils 
gave the corresponding isoalloxazine 5-oxides. 	The reduction 
of the 5-oxides with sodium dithionite in water gave the corres-
ponding isoalloxazines. 
Table 9. 	6-(N-Alkylanhlino)uraCilS 
HN NJO 
Yield, % 	m.p. °C 	lit. 
203  m.p.°C 
Me 	 80 	 293-296, dec. 	304 
n_But 	 72 	 223-226 	 229 
n-octyl 	 40 	 188 




Yield, % 	m.p. °C 	Lit. 203m.p. °C 	Analysis, % 
Me 	73 	345-351, dec. 	>360 	Found: C, 53.9; 
H, 3.3; 	N, 22. 
Requires: C, 54.1 
H, 3.3; N,22. 
n_But 	93 	321-325, dec. 	328 	Found: C, 58.7; 
H, 5.0; 	N, 19. 
Requires: C, 58.7 
H, 4.9; 	N, 19. 
n-octyl 	81 	242 	 - 	Found: C, 62.9; 
H, 6.4; 	N, 16. 
Requires: C, 63.1 
H, 6.5; 	N, 16. 
%J J 
6-(N-Octylanilino)uracil v 	 3141 (NH), 3061 (NH), 1696 (C=O),max 
1645 (C=O) , 1610, 1585 cm.1; 	5H  (CDC1 3 ) : 
	0.86 (3H, t, broad, 
CH 3 ), 124 (12H, s, broad, CH 2 ), 3.57 (2H, t, broad., N-CH 2 ), 
4.79 (1H, s, olefinic), 7.10-7.57 (5H; m, PhH), 8.23 (1H, s, 
broad., NH), 9.63 (lii, s, broad, NH). 	(Found: C,,68.7; 	H, 
7.9; N, 13.1%. 	C18H25N 30 2 requires C, 68.5; H, 8.0; N, 
13.3%) . 	m/e 315 (M, 	28%), 203 (100) , 141 (15) , 119 (28) 
106 (36). 
10-Octylisoalloxazine 5-Oxide. v 	 3193 (NH), 1711 (C=O) ,aX 
1670 (C=O), 1561, 770 cm- 1. 	cSH (d 6-DMSO): 0.86 (3H, t, broad, 
CH 3 ), 1.25 (12H, s, broad, CH 2 ), 4.53 (2H, t, broad, N-CH2 ), 
7.48-7.71 (1H, m, ArH),7.94 (2H, m, ArH), 8.30 (1H, d, J=8Hz, ArH) 
11.10 (1H, s, NH). 	m/e 342 (M, 4%), 326 (M-O, 50), 228 (66), 




R=Me (0.14 g, 75%), m.p. >360 °C, decomp. (lit. 
203  >360°C) 
m/e 228 (M, 100%) , 185 (55) , 157 (26) 
R=n-Bu (0.17 g, 90%), m.p. 332-334 0C (lit. 
203 
 335°C) 
m/e 270 (Mt , 57%) , 228 (57) , 214 (100) , 143 (90) 
(24) 3-Acetoxymethyl-6-methylpyridaZifle 
3,6-Dimethylpyridazine N-oxide (2.0 g, 16.1 mmol) was heated 
with acetic anhydride (5 ml) at 100 0C for 24 h under nitrogen 205 . 
The excess acetic anhydride was then removed by an oil pump 
and the residue neutralised with an aqueous solution of sodium 
Ui. 
bicarbonate.. . The aqueous solution was extracted with 
chloroform (3x25 ml) and the extract dried over magnesium 
sulphate. 	The solvent, was removed from the. extract on a 
rotary evaporator and the residue subjected to.chromatography 
on a short column of alumina.. Fast elution with ether gave 
a yellow oil (0.34 g) identified as 3-acetoxymethyl-6-methyl- 
pyridazine (12.7%), v 	 3436 (OH, compound hygroscopic),max 
1748 (C=O) , 1440, 1380,. 1230 and 1040 (C-C-C) , 920, 840, 
735 cm'; 	6H (CDC1 3 ): 	2.18 (3H, S, OCOCH3 ), 2.78 (3H, s, 
CH 3 ), 5.47 (2H, s, CH 2 ) , 7.40 and 7.66 (2H, AB, J=8Hz, aromatic). 
ni/e 166 (M, 68 -6. ), 124 (82) , 123 (M-COCH 3 , 100) 108 (63) , 95 
(63) , 79 (42) , 77 (38) . 	(Found: M, 166.073864.. 	C8H10N 20 2 
requires M, 166.074222) 
(25) 3-Trifluoroacetoxymethyl.-6-methylpyridaZifle and the 
product. of Hydrolysis; 3-Hydroxymethyl-6--methylpyridazine. 
3-Trifluoroacetoxymethyl-6-methylpyridazine was prepared by a 
206,207,230 
modified Polonovski. rearrangement 	 . 	A solution of 
3,6-dimethylpyridazine N-oxide (2.0 g, 16.1 mmol) in dichioro-
methane (15 ml) was cooled to 0 0C. 	Trifluoroacetic anhydride 
(5.5 g, 26.2 rnmol) was then added slowly over a period of 20 
mm. 	The resultant. dark. red solution was stirred- for 1.5 h at 
0 0  C and a further 3.5 h at room temperature. 	After removal 
of the solvent on a rotary evaporator, bulb distillation of the 
residue gave a yellow fluorescent. oil (2.8 g) which was 
identified as 3-trifluoroacetoxymethyl-6-methylpyridazifle (79%) 
b.p.110-125 0C/0.04 mm; Vm 	1795 (C=O), 1150-1250 cm 	(C-F); 
6H (CDC1 3 ): 	2.86 (ca.3H, s, CH 3 ), 5.72 (2H, s, CH2 ), 7.81 
(2H, s, aromatic). 	m/e 220 (M, 31%), 151 (6), 123 (6), 108 
(3) , 107 (6) , 97 (6) , 95 (8) , 69 (93) , 51 (45) , 45 (100) 
82 
(Found: M, 220.046857. 	C 8 H 7 N 2 0 2 F 3  requires M, 220.045955) 
Hydrolysis. 	3-Trifluoroacetoxyxnethyl-6-methylpyridazine 
(2.8 g, 12.7 mmol) was dissolved in. methanol (5 ml) and then 
the solution was passed. down an alumina (400 g) column. 
Elution with methanol. gave a brown oil. (2.0 g) which was 
purified by bulb distillation, to yield. a very hygroscopic 
white solid (0.75 g) which was identified as 3-hydroxymethyl- 
0 6-methylpyridazine (48%). b.p.120-130 C/0.2 mm, m.p. (sealed 
tube) 44-47 0C; Vmax 3300 (broad, OH), 1595 and 1564 (C=C, N=N) 
1450, 1042 cm'; 	5H  (CDC1 3 ) : 	
2.66 (3H, s, CH 3 ) , 4.05 (1H, 
s, OH), 4.92 (2H, s, CH 2 )., 7.29 and 7.51 (2H, AB, J=8Hz, aromatic 
-H 4 ' 5 ) . 	m/e 124 (Mt , 100%), 94 (45) , 77 (47) , 53 (50) 
(Found: M, 124.064401. 	C 6 H 8 N 2  0 requires M, 124.063659). 
(26) 3-Hydroxymethyl-6-methylpyridazine N-oxide and Benzoyl 
derivatives. 
The N-oxide was. prepared by the general method of Craig 
and Purushothaman 192 by reaction of 3-hydroxyinethyl-6-methyl- 
pyridazine (1.0 g, 8.1 mmol) with rn-chloroperbenzoic acid (85%, 
1.64 g, 8..1 mmol) in chloroform (28 ml) for 4 h. 	Examination 
of the solution by t.l.c. showed that the pyridazine had been 
consumed and two products had been formed. Work-up consisted 
of passing the reaction mixture down a column of alumina (55 g). 
Elution with chloroform . (50 ml) and then chloroform/methanol 
(5:2) gave a white solid (0.98 g) which was recrystallised 
from petrol, 40:60/ethanol to yield white crystals, identified 
as the two isomers (1-oxide and 2-oxide) of 3-hydroxymethyl-6-
methylpyridazine N-oxide (0.76 g, 67%), m.p. 102-124 °C; V max 
3220 (OH), 1592 and 1568 (C=C, N=N) , 1335 (N-0), 1291, 1090, 
1039, 825, 725 cm 1 ; 	6H  (d6 -DMSO) : 	
2.35, 2.42 (3H, s, CH 3) 
4.53 (2H, s, broad., CH2 ) , 5.70 (1H, s, broad, OH), 7.21 and 
7.86 (2H, AB, broad, J=8Hz, aromatic). 
Benzoyl derivative. 	Benzoyl. chloride. (0.20 g, 1.42 mmol) 
was added to a solution of the N-oxide (0.20 g, 1.43 mmol) in 
pyridine (8 ml). 	The mixture was then warmed- gently for 5 mm.; 
Work-up followed by recrystal.lisatioi from. petrol, 40:60/ 
ethanol gave the der.ivative as the two isomers (1-oxide and 2-
oxide) of 3-Benzoyloxymethyl-6-methylpyridazjne. N-oxide, white 
crystals (140 mg, 41%) , m.p.132-1430C; Vm 	1717 (C=O) , 1602 
(C=C), 1564, 1340 (N - O), 1272 and 1120 cm -1 (C-0--C). 	5H (CD 3OD): 
2.46 and 2.50 (3H, s, CH 3 ), 5.40 and 5.47 (2H, s, CH 2 ), 7.26 
and 7.88 (2H, AB, J=8Hz, aromatic), 7.31-7.73 (3H, m, rn, E-PhH), 
7.97-8.17 (2H, m,. o-PhH). 	(Found: C, 63.7; H, 4.9; N, 
11.2%. 	C13H12N 20 3 requires C, 63.9; H, 5.0; N, 11.5%). 
Furfuryl. Acetate was prepared by the method of the 
Miner Laboratories 208  by the acetylation of furfuryl alcohol 
(200.0 g, 2.039 mol) with acetic anhydride (216.5 g, 2.121 mol) 
in benzene (330 ml) and sodium acetate (76 g). 	The product 
was obtained as a colourless liquid (233.6 g, 82%), b.p. 83-
84 °C/21 nun (lit. 208  69-70°C/7 mm), 6H (CDC13 ) : 2.09 (3H, s, 
OCOCH 3 ) , 5.10 (2H, s, CH 2 ) , 6.43 (2H, s, aromatic) , 7.48 (1H, 
s, aromatic-H 5 ). 
2,5-Diniethoxy-2,5-dihydrofurfuryl acetate was prepared 
by the method of Clauson-Kass and Limborg 209 by the methoxylation 
of furfuryl acetate (50.0 g, 0.357 mol) with bromine (50.0 g, 
0.313 mol) in methanol (250 ml) and potassium acetate (65 g) 
in methanol (400 ml) at -5 to -10 0C. 	Work-up followed by 
distillation gave the required product as a yellow-oil (38.9 g, 
84 
62%). b..p.1227124 °C/14 mm (lit. 
209 
 131 °C/20 mm). 	6 H  (CDC13): 
2.08 (3H, s, OCOCH 3 ), 3.22 (3H, d, J=4Hz, OCH 3 ) 3.50 (3H, d, 
J=4Hz, OCH 3 ), 4.20 and 4.12 (2H, s, CH 2 ) , 5.75-6.25 (2H, m, 
olefinic) 
3-Acetoxymethyipyridazine was prepared by boiling 2,5-
dimethoxy-2,5-dihydrofurfurYl acetate (30.3 g, 0.1514 mci) with 
0.05M sulphuric acid (120 ml) .f or 1 min and then adding 
hydrazine hydrate (15.5 g, 0.309 mci) in.one batch. 	The solution 
was heated to 110 °C for 15 min and after cooling, extracted with 
dichioromethane (3x100 ml) and the extrac-ts combined and dried 
over magnesium sulphate. After removing the solvent on a 
rotary evaporator the residue was distilled- under reduced 
pressure to give a very hygroscopic, pale yellow solid (11.7 g), 
b.p.110-119 0C/0.2 mm. 	Sublimation (90 °C/0.05 mm) of this 
solid gave 3-acetoxymethylpyridazifle (8.5 g, 37%) as a white 
sublimate, m.p.45
0C.; N) max1746 (C=O), 1584, 1225 and 1050 cm -1 
(C-O-C) 	(CDC1 3 ) : 	2.18 (3H', s, OCOCH 3 ) 5.46 (2H, s, CH 2 ) , 
7.50-7.62 (2H, m, aromatic-H 4 ' 5 ) 9.13 (1H, d of d, JHH5=4Hz, 
JHH4=2HZ, aromatic-H 6 ) 	(Found: C, 55.0; H, 5.4; N, 18.4%. 
C 7H 8N20 2 requires C. 55.3; H, 5.3; N, 18.4%). 	rn/e 152 
(M4 , 38%) , 137 (M-.CH 3 , 6) , 110 (77) , 109 (M-COCH 3 , 59) , 81 (31) 
43 (COCH 3 , 100). 
3-Hydroxymethylpyridazine was prepared by hydrolysis of 3-
acetoxymethyipyridazine (5.0 g, 32.9 mmol) with 10% aqueous 
sodium hydroxide (50 ml). 	The solution was heated under ref lux 
for 25 min and then the. solvent was removed on a rotary 
evaporator and the residue chromatographed on alumina. 	Fast 
elution with methanol gave a red oil (3.7 g) which was purified 
by bulb distillation (130-150
0C/0.05mm) to give a white solid 
(2.1 g). 	Recrystallisation from ether/ethanol-gave 3-hydroxy-- 
inethylpyridazine as colourless crystals (0..83, 23%), m.p.64-
650C (lit. 209  66°C) .max3163 (OH) , 1585, 1562, 1059, 1010, 
801 cm1; 	5H  (CDC13 ): 	
4.93 (1H, s, broad, OH), 4.96 (2H, s, 
CH 2 ), 7.52 (1H, d of d, JHH4 = 8Hz ,  JHH6=4HZ1 aromatic-H), 7.77 
(1H, d of d, JHH5 =8Hz , JH'=2Hz, aromatic-H 4 ), 9.00 (1H, d of d, 
JHH5_ 4HZ ,  JHH4=2HZI aromatic-H6). 
(31) 3-Hydroxymethylpyridazine N-oxide and Benzoyl Derivative. 
The N-oxide was prepared by the general method of Craig and 
Purushothaman 192 by reaction of 3-hydroxymethylpyridazine (1.0 g, 
9.1nunol) with rn-chloroperbenzoic acid (85%, 1.86 g, 9.2 mmol) 
in chloroform (40 ml) for 15 h. 	Examination, of the solution 
by t.1.c. showed. that. all the pyridazine had been consumed and 
one product formed. 	The whole solution was then passed down 
a column of alumina (60 g). 	Elution with chloroform (200 ml) 
and then chloroform/methanol (3:1) gave a white solid (0.88 g) 
which was identified as the two isomers (1-oxide and 2-oxide) 
of 3-hydroxymethylpyridazine N-oxide (77%), m.p.132-145
0C (petrol, 
40:60/ethanol); V, max3312, 3212 (OH), 1593 and 1564 (C=C,C=N) 
1330 (N-O), 1285, 994, 881 cm'; 	6
H (d6. -DMSO): 	4.51 and 4.53 
(2H, s, CH 2 ) , 5.0-5.92 (1H, broad, OH), 7.17-8.61 (3H, m. 
aromatic). 	Slow recrystallisation of the isomeric mixture 
(150 mg) from petrol, 40:60/ethanol (48 h) gave colourless 
needles (56 mg) which were identified as 3-hydroxymethylpyridazine 
2-oxide, m.p.171
0C; 	cSH (CD 3OD): 	4.79 (2H, s, CH 2 ), 7.34 (1H, 
d of d, JHH4 = 8HZI JHH6=SHZI aromatic-H 5 ), 8.04 (1H, d of d, 
JHH58HZ , JHH61HzI aromatic-H 4 ), 8.50 (1H, m, aromatic-H 6 ). 
(Found: C, 47.5; H, 4.8; N, 21.9%. 	C 5 H 6 N 2 0 
 2 requires 
C, 47.6; 	H, 4.8; 	N, 22.2%). 
Benzoyl derivative. 	Benzoyl chloride (0.22 g, 1.6 mmol) was 
added to a solution of the N-oxide (0.20 g,1..6 mmol) in 
pyridine (8 ml). 	The mixture was then warmed gently for 5 
mm. 	Examination of the solution by t.l.c. showed. one product 
spot. 	Work-up followed, by recrystal.lisation from petrol, 
40:60/ethanol gave the derivative as the. two isomers (1-oxide . 
and 2-oxide) of 3-Benzoyloxymethylpyridazine N-oxide, white 
crystals (165 mg, 45%), m.p.158-1590C; Vmax  1720 (C=O), 1282 
and 1.130 (C-O-C) , 792, 712 cm; 	cSH (d 6 -DMSO) : 	5.40 (2H, s, 
CH 2 ), 7.22-8.68 (8H, in, aromatic.). including 7.33 (d of d, 
JHHS= 8HZI JHH6=SHzl pyridazine-H 4 ), 8.60 (d of d, JHHS=SHzI 
JHH4=2HZI pyridazine-H 6 ). 	(Found.: C, 62.4; H, 4.2; N, 12.0%. 
C12H 10N 20 3 requires C, 62.6; H, 4.4; N, 12.2%). 
(32) Hydroxymethyldiphenylphosphine. suiphide and oxide. 	The 
corresponding phosphine was prepared by the method of Trippett 21° 
and converted to the sulphide by reaction with sulphur
211 . 
Diphenyl phosphine, required in the preparation of hydroxy-
methyldiphenylphosphine, was prepared in 65% yield by the 
reduction of dichiorophenyiphosphine with lithium aluminium 
hydride in ether 212 , b.p.154-158
0C/12 mm (lit. 212  156-157°C/ 
16 mm) ; 6 	 (CDC1 3 ): -40.0 p.p.m. 
Diphenyl phosphine (8.0 g, 0.043 mol). was then reacted 
with a mixture of 40% aqueous formaldehyde (15 ml) and conc. 
hydrochloric acid (12 ml) in water (40 ml). A solution of 
sodium iodide (15 g) in water (10 ml) was then added and the 
resultant phosphonium iodide (17.7 g) dissolved in water (100 
ml) and hydrolysed with 2M sodium hydroxide (50 ml). 	Work-up 
gave the crude phosphmne as an oily solid (8.65 g, 93%). 	The 
'J I 
phosphine was then reacted with sulphur (1.37 g, 0.043 mol) 
in benzene (50 ml) for 2 h.. After removing the solvent on a 
rotary evaporator the residue failed to crystallise and so was 
subjected to chromatography on alumina.. Elution with petrol 
(40:60) and then petrol (40:60)/ether gave, a colourless oil 
which readily crystallised to a.white solid.(5.8 g) identified 
as hydroxymethyldiphenyiphosphine sulphide (59%), m.p. 69-70 °C 
(lit. 211  71-72 °C); 	6 	(CDC1 3 ): +42.5 p.p.m.., m/e 248 (M). 
The corresponding oxide was prepared by the method of Hellmann 2 , 
in 61% yield, by reaction of the phosphine with paraformaldehyde, 





 ): +31.1 p.p.m. 
(33) 4- ® -Benzoic Acid was prepared.by the method of Ayres 
and Mann 213 by oxidation. of. 4- 	-Benzaldehyde, (8.3 g, 2.09 
m equiv/g, kindly provided by Mr.K.Brown) with. acetous chromic 
acid (prepared by dissolving potassium. dichromate. (25.0 g) and 
conc. sulphuric acid (1. ml) in glacial acetic acid (100 ml) 
and water (10 ml)] at 80 0C for 72 h.. 	The. polymer was then 
filtered off and washed with hot water, 2M sulphuric acid, 
water, THF, hot acetic acid, methanol, chloroform and acetone, 
and finally extracted with methanol, acetone and ether in a 
soxhiet apparatus. 	The polymer was dried in a.. vacuum oven 
(65 0C/1 mm) for 15 h and then the loading of -CO 2H groups was 
214 
determined by the method of Letsinger et al. 	by a back- 
titration procedure involving first, the reaction of the polymer 
with 0.102M sodium hydroxide solution and then titration of 
any excess base .with 0.1000M hydrochloric acid. 	2.15 inmol 
COOH/g; v 	 v.broad OH, 1690 cm- 1 (C=O).max 
3-(4 1 -(D -Benzoyloxymethyl)pyridazine N-oxide. 
4- 	-Benzoic acid (2.0 g, 2.15 m equiv/g) was heated 
under ref lux with. thionyl chloride (20 ml). for 15 h under 
nitrogen. 	The resin was then filtered off under nitrogen, 
washed with. dry. benzene, and resuspended in dry benzene (10 
ml) and pyridine (15 ml).. 	A solution. of 3-hydroxymethyl- 
pyridazine N-oxide. (0.50 g, 4 mmol) in pyridine (10 ml) was 
then added and the suspension. stirred. at room temperature for 
90 min and under ref.lux fpr a further. 3 h. 	The brown polymer 
was filtered off and washed successively, with THF-water (3:1), 
water, THF, acetone, .dichloromethane, methanol and finally 
ether. 	The polymer was then dried in a vacuum oven (60 °C/0.5 
mm) to a final weight of 2.23 g. Vm 	1722 cm 	(C=0). 
C, 73.0; H, 5.9; N, 2.4% 	(ca 0.86 mmol/g). 
3-(4 1 - ® -Benzoyloxymethyl)-6-methylpyridazine N-oxide 
was prepared as described previously for 3-(4 1 -(D -benzoyl-
oxymethyl)pyridazine N-oxide above, by the. - reaction 
of 4- 	-benzoic acid (2.0 g, 2.15 m equiv/g) with firstly, 
thionyl chloride (20 ml) and then 3-hydroxymethyl-6-methyl-
pyridazine N-oxide (0.56 g, 4 rnmol). 	Final, weight of polymer, 
2.18 g. Vmax 1786 (C=O, acid chloride.), 1722 cm 
-1 
 (C=0). 
C, 73.8; H, 5.9; N, 1..7% 	(ca 0.6 mmol/g) 
Benzoyloxymethyldiphenylphosphine sulphide. 	A solution 
of hydroxymethyldiphenyiphosphine sulphide (0.50 g, 2 mmol) in 
benzene (10 ml) was added to a solution of benzoyl chloride 
(2.0 g, 14.2 mmol) in benzene (10 ml) and pyridine (10 ml). 
The mixture was stirred for 15 min and then warmed gently for 
a further 5 mm. 	The solvents were removed on a rotary 
0 V - 
evaporator and on trituration of the residue with petrol, 
40:60/dichioromethane, a white solid crystallised out. 
Recrystallisation of the solid from petrol, 40:60/ethanol gave 
white crystals (0.42 g) identified as Benzoyloxymethyldiphenyl-
phosphine sulphide (60%), m.p.132-133°C; Vmax  1734 (C=O) 1319 1  
1242 and 1090 (C-a-C) , 718, 642 cm1; 6  (CDC1 3 ) : 5.16 (2H, 
d, JPH=4HZ,  CH2 ),7.18-7.58 (9H, in, PhH), 7.72-8.02 (6H, m, 
o-PhH); 0 	(CDC1 3 ): +38.3 p.p.m. 	(Found: - C, 68.0, H, 4.8%. 
C20H170 2PS requires C, 68.2; H, 4.9%). m/e 352 (M t , 22%) 
243 (11), 217 (M-PhCO-OCH2 , 105 (PhCO, 100) 77 (36). 
(37) (4- @ -Benzoyloxymethyl)diphenylphosphine suiphide was 
prepared by the method described previously for 3-(4 1 -(D -benzoyl-
methyl)pyridazine N-oxide (p. 88), by the reaction of the acid 
chloride of 4- 	-benzoic acid. (3.0, 1.98 m equiv/g) with a 
solution of hydroxymethyldiphenylphosphinesulphide (1.9 g, 
7.7 minol) in benzene (40 ml) and. pyridine (25 ml), at 80 °c for 
8 h. 	Final weight of polymer, 3.71 g, Vm 	1730 cm 	(C=O); 
C, 74.3; 	N, 5.8; 	P, 3.5; 	S, 4.1%. 	ca. 1.36 rnmol/g. 
Attempted Hydrolysis. 	The polymer (0.60 g) was suspended in 
toluene (8 ml) and then 9M potassium hydroxide (3 ml) and a 
phase transfer catalyst, tetrabutylarnmonium hydroxide (0.12 ml, 
40% w/w) were added. After stirring overnight, the suspension 
was heated at 90°C for a) 4 h and b) 24 h. 	The polymer was 
then filtered off and the toluene layer separated from the 
filtrate. 	The polymer was washed with dichloromethane, acetone, 
methanol and ether, dried in a vacuum oven (60 0C/1 mm) and then 
examined by i.r. which showed no carbonyl absorption due to the 
ester of the starting polymer. 
The toluene layer was washed with water, dried over 
magnesium sulphate and then examined by 31 P n.m.r. which showed 
five major peaks; 6 :63.7, 61.4, 53. 0, 37.4 p.p.m. which 
were not identified and, 42.7 p.p.m.. (a.33% b.9%) due to 
hydroxymethyldiphenyiphosphine sulphide.. The alternative 
conditions of heating the polymer (0.5 g) in. 10% aqueous sodium 
hydroxide solution at 70 °C for 6 h resulted in no hydrolysis 
taking place with the carbonyl absorption of the ester still 
present in the i.r. of the polymer, Vm 	1730 cm- 1 (C=O), 
and no phosphorus containing products observed. 
(38) Trityloxymethyldiphenylphosphine. sulphide was prepared 
by the reaction of hydroxymethyldiphenylphosphine sulphide 
(0.75 g, 3 nunol) with. trityl chloride (0.84 g, 3 rnmol) in 
pyridine (20 ml) at 80°C for 6 h. 	Work-up followed by re- 
crystallisation from petrol (40:60)/ethanol gave fawn needles 
(0.82 g) identified as.Trityloxymethyldiphenylphosphine sulphide 
(56%) , m.p.170-172°C; Vmax 1436, 1063 (C-C-C) , 743, 710, 690, 
630 cm1; 	5H  (CDC1 3 ) : 
	3.96 (2H, d, J PH"  7Hz, CH 2 ) , 7.18 (15H, 
s, Trityl-H) , 7..32-7.55 (6H, m, PhH) , 7.70-7.96 (4H, m, o-PhH) ; 
(CDC1 3 ): 	+40.1 p.p.m.. 	(Found: 	C,. 78.1; 	H, 5.6%. 
C 32 H270PS requires C, 78.3; H, 5.6%). 	m/e 490 (M, 0.6%) 
276 (7) , 244 (55)., 243 (Tr 	, 100) , 185 (16) , 183 (14) , 165 
(86). 	(Found: M, 490.149885. 	C32H270PS requires M, 
490.152017) 
Hydrolysis. 	Dry hydrogen bromide gas was passed through a 
solution of the ether (80 mg, 0.16 nimol) in carbon tetrachloride 
(10 ml) via a gas dispersion tube for ca. 7 mm. 	Examination 
of the solution by t.l.c. showed two product spots. 	The reaction 
mixture was washed with an aqueous solution of sodium bicarbonate 
and then the organic layer was separated, and dried over 
magnesium sulphate. 	After removing the solvent on a rotary 
evaporator the residue was subjected to preparative t.l.c. 
on alumina.. 	Elution with petrol, 40:60 /ether (1:4) gave two 
fractions; 	a) a brown solid. (0.036 g) which was shown by 
'H n.m.r. to be Trityl bromide. (70%) m.p.149153 0C (petrol, 
40:60), (lit. 
191  152-154 0C), and b) a yellow oil (0.031 g) 
which was shown by 'H and 31 P n.m.r.. to be hydroxymethyldiphenyl-
phosphine sulphide (78%). 
(4- 	-Phenyl)chlorodiphenylmethane, ® -Trityl-Cl was 
prepared by the.method.of Frechet and Nuyens 215 using Bio beads 
SX-1 (Bio-Rad). 	The polystyrene resin (1.0.0 g) was function- 
alised by a Frei.del-Craf.ts benzoylation, umax  1660 cm 1 (C=O). 
The benzoylated polymer was then converted into a polymer bound 
carbinol, "max  3560, 3460 cm- 
1  (OH), by reaction with phenyl-
magnesium bromide and. subsequent hydrolysis. 	Finally the 
required polymer was prepared by reaction of the carbinol with 
acetyl chloride in benzene.. 	The polymer was then analysed for 
chlorine content by a modified Voihard method. 216 ; 2.55 nimol C1/g. 
4-0 -Phenyl(oxymeth.yldiphenylphosphine sulphide) diphenyl 
methane was prepared by the general method. of Frechet and 
Nuyens 215 by the reaction of (4- 	-phenyl)chiorodiphenyLmethane 
(5.0 g, 2.55 nimol Cl/g) with hydroxymethyldiphenyiphosphine 
sulphide (3.0 g, 12.1 mmol) in pyridine (50 ml) at room temperaturE 
for 8 days and 60 °C for a further 10 h. 	The polymer was then 
filtered off, washed with pyridine, dichloromethane, acetone, 
benzene and methanol and finally dried in a vacuum oven (65 0C/1 
mm) for 15 h. 
Hydrolysis. 	The polymer (0.65 g) was suspended. in carbon 
tetrachloride (25 ml) and then dry gaseous hydrogen bromide 
was passed through the suspension via a gas dispersion tube for 
92 
20 mm. 	The polymer-was then filtered off and. the filtrate 
washed with aqueous sodium. bicarbonate solution, dried over 
magnesium sulphate, concentrated. to a yellow oil. (0.065 g) by 
removing the solvent on a rotary evaporator and finally examined 
by 31 P n.mr. which showed. two peaks 6 (CDC1 3 ): +42.8 p.p.m. 
due to hydroxymethyldiphenylphosphine sulphide (66%) and +39.8 
p.p.m. (34%) which was. not identified. 	Assuming the cleavage 
reaction went in 100% yield the loading of the phosphorus 
compound on the polymer was ca.0.26 rnmol/g. 
4-(D -Benzaldehyde was prepared by the method of Frechet 
and Schuerch217 by the reaction of chioromethylated polystyrene 
(10.0 g, 5 m equiv/g) with dimethylsuiphoxide (150 ml) in the 
presence of sodium bicarbonate (20 g) at 150 °C. for 8 h. v max 
1679 cm 	(C=O). 	For the purpose of analysis the corresponding 
oxime was prepared 217  by the reaction of 4- ® -benzaldehyde 
(0.50 g) with hydroxylamine hydrochloride (1.5 g, 0.0216 mol) 
in pyridine (15 ml.) . 	(Found:. C, 76.1; H, 6.7; N, 6.4%) 
This corresponds to 4.58 irimol CHO/g in the 4-@ -benzaldehyde 
resin. 
3 - (4 1- 0 -Phenethyl) pyridazine N-oxide 
(a) Sodamide (0.98 g, 0.0251 mol) was added to a solution of 
3-methylpyridazine (5.0 g, 0.0532 mol) in benzene (40 ml) and 
the suspension stirred for 30 min. 
218  Chioromethylated poly-
styrene (3.0 g, 5 mmol dig) was then added and the suspension 
stirred for a further. 24 h. 	After dilution. with water (100 ml) 
the polymer wasfiltered from the dark red suspension and 
washed with water, acetone, benzene and methanol, extracted 
with methanol in a soxhlet apparatus,. and dried in a vacuum 
oven (70°C/0.1 mm) for 24 h. 	(Found: C, 76.2; H, 6.4; 
93 
N, 5.7%). ca.2.04 m equiv/g, 2.33 rnmol Cl/g. 216 Functional 
yield, 56%. 
(b) An attempt to. prepare the polymer. was made by adapting the 
method of Itai, Sako and Okusa 219 .. 	4- 	-Benzaldehyde, (3.0 g, 
4.58 m equiv. C'JiO/g) and 3-methylpyridazine N-oxide. (1.5 g, 
0.016 mol). were added. to a. solution of sodium methoxide. prepared 
by dissolving sodium. (1.0 g) in dry methanol (20 ml). 	The 
mixture was then heated at 60-70 °C with stirring for 5 h. 	The 
polymer was filtered., off,. washed with methanol,. water, dioxan-
water (2:1), dioxan, acetone, ethanol, dichloromethane and 
finally dried in a vacuum oven (60 0C/1 mm) for 15 h. 
(Found: C, 78.9; 	H, 6.7; N, 1.7%), ca..0.61 mmol/g. 
(C) 4-(4'- 	-Phenethyl)-2-cyanopyridine. 	A solution of 2- 
cyano-4-methylpyridine (3.0 g, 0.028 mol.) and sodamide (0.98 g, 
0.025 md) in benzene . (30 ml) was reacted. with chloromethylated 
polystyrene (3.0 g, 5 mmol Cl/g) by the method described in (42) 
(a). 	(Found: C, 74.9; 	H, 6.2; N, 0.4%), ca.0.15 nimol/g. 
(43) 2-Methyl.-3-p-nitrophenyl oxaziridine. 
2-Nitrobenzylidene-methylamine was prepared. by the reaction 
of -nitrobenzaldehyde (20 g, 0.0132 mol) with an aqueous 
solution of methylamine. (3 ml, 25-30% w/v) at 70 °C for 10 mm. 
The crude product. was recrystallised from ethanol. to give white 
crystals (1.8 g, 83%) , m.p.74-76 0C. 	(lit. 232  107°C). 	6H  (CDC13): 
3.60 (3H, d, J=2Hz, N-CH3 ) , 7.83 (2H, d, J=9Hz, o-PhH) , 8.23 (2H, 
d, J=9Hz, rn-PhH), 8.32. (1H, s, CH=N). 
A solution of the imine (1.8 g, 0.011 mol) in dichloromethane 
(10 ml) was then oxidised with rn-chloroperbenzoic acid (85%, 
2.3 g, 0.0113 mol) in dichioromethane (50 ml) at 0 °C. 	After 
filtering the reaction mixture, the filtrate was pre-absorbed 
onto alumina and chromatographed. 	Elution with petrol, 
40:60/ether (1:1) gave a white solid, which was recrystallised 
from petrol, 40:60/ether to yield white crystals (1.3 g) , 
identified as 2-methyl-3-p--nitrophenyl. oxaziridine. (66%), m.p. 
82-83°C (lit. 231,232  82.5°C). 'V max1611. (C=C) , 1520 and 
1352 (NO 2 ) , 841, 742 cm1; 	5H  (CDC1 3 ) : 	3.92 (3H, s, CH 3 ) , 
4.56 (1H, s, CH-N) , 7.56. and 8.18 (4H, AB, J=9Hz, o, rn-Phil) 
(Found: C, 53.6;. H., 4.4; N, 15.4%. 	C 8 H  8 N 2 0 3  requires 
C, 53.3; 	H, 4.5; 	N, 15.6%). 
(44) 2-Ethyl-3-p-nitrophenyl oxaziridine 
-Nitrobenzylidene-ethylamine was prepared by the reaction 
of 2-nitrobenzaldehyde (5.0 g, 0.0331 mol) with an aqueous solu-
tion of ethylamine (40 ml, 30% w/v) at 70 °C for 10 mm. 	The 
crude product was recrystallised from petrol (40:60) to give 
pale yellow crystals (4.2 g, 71%), m.p.73-75 0C (lit. 220  76-
77 °C). 
The oxaziridine was then prepared by the method of Exnmons 22 
by reaction of the. imine. (1.0 g, 56 mmol) with an anhydrous 
solution of peracetic acid in dichioromethane (10 ml, ca 1 mol 
-3 	 .t_. 	. 	 .•, 	 - din. ) . A precp1tate. developed WLiiCiI was £1J.Lerea. oft and 
identified as 2-nitrobenzoic acid (0.27 g, 29%). 	m.p.240- 
242 0C (lit. 174 242°C). 	Work-up of the filtrate gave the 
required product as a pale yellow solid (0.31 g, 29%) , m.p. 
33-36°C (lit. 221 34-35 0C) 	(CDC1 3 ) : 1.34 (3H, t, J=7Hz, 
CH3 ) , 2.88 (2H, q, J=7Hz, CH 2 ) , 4.63 (1H, s, CH-N) , 7.66 and 
8.30 (4H, AB, J=8Hz, a, rn-Phil). 
(45) Chromogenic Reagent for the determination of sulphur 
by t.l.c. was prepared by the method of Kovacs 222. 	2-Phenoxy- 
ethanol (10 ml) was added to a solution of silver nitrate 
(0.10 g) in water (1 ml) . 	The mixture was then made up to 
20.0 ml with acetone and 1 drop of hydrogen. peroxide (27.5% w/v) 
added. 
Phenyiphosphine was. prepared by the.method of Fritzsche, 
Hasserodt and Korte 223 by the reduction of dichlorophenyl-
phosphine (68.1 g, 0.381 mol) with trichiorosilane (57.1 g, 
0.422 mol) in.benzene (400 ml) and in. the presence of triethyl- 
amine (41.8 g, 0.413 mol). 	The product was.obtained as a 
colourless liquid (8.93 g, 21%). 	b.p.46
0C/16 mm (lit. 174 
400C/1 0 mm); 6H  (CDC13 ) : 4.02 (2H, d, JPH=2O3Hz, PH2 ), 7.46 
(5H, m, PhH). 	6 	(CDC1 3 ): -122.2 p.p.m. 
3-Oxypropyiphenyiphosphine was prepared by a modified 
version of the method described by Korshak et al. 
224 Phenyl-
phosphine (2.6 g, 0.0236 mol) was heated with allyl alcohol 
(1.20 g, 0.0207 mol) in the presence of five drops of di-t-
butylperoxide at 110-115 °C for 15 h. 	The product was obtained 
as
- 
 a colourless liquid (1.3 g, 37%), b.p.152-154 C/14 mm 
(lit. 224  107-108 0C/3 mm); 6 	(CDC13 ): -51.4 p.p.m. 
2-Phenyl--1 ; 2-oxaphospholane; 2-suiphide. and -2-oxide 
derivatives 
(a) 	2-Phenyl-1,-2-oxaphospholane was prepared by the method 
of Grayson and Farley 
225  by the cyclisation of 3-oxypropyl-
phenyiphosphine (1.1 g, 6.55 mmol) with diphenyldisuiphide 
(1.43 g, 6.56 mmol) in benzene (15 ml). 	The required product 
was obtained by bulb distillation as a colourless liquid (0.23 
g, 21%). 	b.p.110-125 0C/0.5 mm (lit. 225  112°C/0.5 mm); 
6 	(CDC1 3 ): +110.2 p.p.m. 
(b) The 2-thiono derivative was prepared by adding sulphur 
(0.03 g, 0.94 mmol) to a solution of 2-phenyl--1,2--oxaphos-
pholane (0.10 g, 0.6 mmol) in deuteriochioroforin (1 mi) 225 . 
After 3 h the solution. was chromatographed.on. alumina (t.l.c.). 
Elution with petrol, 40:60/ether (9:1) gave, a yellow oil 
(0.05 g) identified. as. 2-phenyi-1 ,2-oxaphospholane-2-sulphide 
(50%). 	6 . H (CDC1 3 ) : 	2.06-2.67 (4H, m, CH 2 )', 4.18-4.68 (2H, 
m, O-CH2 ), 7.34-7.56 (3H, m, PhH), 7.68-7.98 (2H, m, o-PhH). 
cS 	(CDC1 3 ): 	+101.9 P.P.M. 
(C) 2-Phenyl-1, 2-oxaphospholane-2-oxide was prepared'by the 
reaction of hydrogen peroxide (0.15 ml, 27.5% w/v) with a 
solution of 2-phenyl-1.,2-oxaphospholafle (0.18 g, 1.1 minol) in 
acetone (3 ml) at 0 °C.. 	After stirring the solution for 1. h 
at room temperature the solvent was removed on a rotary 
evaporator... Bulb. distillation of the residue gave the 
required product (0.084 g, 43%) as a colourless oil. 	b.p. 
125-130 °C/0.1 mm (lit. 
225  142 °C/0.2 mm); 6 H  (CDC1 3
): 1.82-
2.55 (4H, m, CE 2 ) , 4.1.0-4.70 (2H, m, 0-CH 2 ) , 7.33-7.55 (3H, 
m, PhE), 7.62-7.86 (2H, m, o-PhH); 	6 	 (CDC1 3 ): +57.6 p.p.m. 
m/e 182 (M, 75%), 141 (M-CH2CH 2CH, 100), 77 (78). 
(49) Menthyl methylphenylphosphinothioate 
DichlorophenylphoSphifle sulphide was prepared by the 
method of Patel and Harwood 
226  by reaction of dichlorophenyl-
phosphine (120.0 g, 0.67 mol) with excess thiophosphoryl 
chloride (133.0 g, 0.785 mol). 	The product was obtained as 
a colourless liquid (117.0 g, 83%), b.p.128-130
0C/22 mm (lit. 226 
110°C/4 mm). 
1 ,2-Dimethyl-1 , 2-diphenyldiphosphine disulphide was 
prepared by a modified version of the method described by Maier 22 
Methylmagnesium iodide was prepared from magnesium (23.7 g, 
0.975 mol) and methyl iodide (138.4, 0.975 mol.) in ether (500 
ml) and reacted with a solution of dichlorophenylphosphine 
sulphide (117.0 g, 0.555 mol) in ether (200 ml). 	The required 
product was obtained as a.white solid (12.6 g, mesoform; 3.7 
g, racemic; 95%)227; &? (CDC1 3 ): +37.0 p.p.m. 
MethyiphenyiphosphirlothiOchiOridate was tten prepared by 
227 the method of.Maier . by reaction of 1,2-dnnethyl-1,2-diphenyl-
diphosphine disulphide (16.3 g, 0.0526 mol) with sulphuryl 
chloride (11.0 g, 0.0815 mol) in benzene (100.ml). 	The acid 
chloride was obtained as a pale yellow liquid (16.8 g, 82%), 
b.p.90-95
0C/0.03 mm (lit. 227 91-94 °C/0.01 mm); 6 (CDC13 ): 
+81.0 p.p.m. 
Menthyl methylphenylphosphinOthiOate was prepared by the 
method of Herriott65 by the reaction of the racemic acid 
chloride (16.8 g, 0.0882 mol) in ether (40 ml) with 1-menthol 
(13.57 g, 0.0868 mol, 	
[]20  -50 °) in pyridine (10.6 ml).. 
After filtering the o1ution. and. removing the solvent on a 
rotary evaporator the residue was chromatographed on alumina. 
Elution. with petrol, 40:60/ether (7:3) gave the racemic 
phosphinothioate as a yellow oil (14.5 g). 	The oil was 
dissolved in n-hexane. and put in a fridge at ca 5 °C. 	The 
crystals which formed were recrystallised a further three 
times from n-hexane to give (S)P-Menthyl. methylphenylphosphi- 
nothioate (1.3 g, 5%) as white needles. 	m.p.89-91
0C (lit. 65 
91-920C); 	'H n.m.r. (see Fig. 4 p.215) 233 ; 6 CDC1 3 ): 	+83.7 
p.p.m. 	(Found: C, 65.7; H, 8.8%, 	C17H270PS requires 
C, 65.8; 	H, 8.8%). 	[a] 29 -47.1 ° ( C 4.6, benzene). 
By careful cooling of the mother liquors a small amount of 
(R)p-Menthyl methylphenylphosphinothioate (80 mg) was 
isolated as colourless, crystals. 	m.p.88-90 0C; 'H n.m.r. 
(see Fig.3 p.215); 	S 	(CDC1 3 ): 	83.9 p.p.m. 	(Found: 
C, 65.9; H, 9.0%. 	C17H270PS requires C., 65.8; H, 8.8%). 
(a] 22 -77.5 (c 1.1, benzene). 
(50) Attempted conversion of (S)P-Menthyl methyiphenyl-
phosphinothioate into (+) - (R) -Methylphenyl-n-propylphosphine 
sulphide. 
n-Propylmagnesium bromide was prepared from magnesium 
(0.44 g, 18.2 mznol) and 1-bromopropane (2.24 g, 18.2 mmol) in 
ether (40 ml) and reacted with a. solution of (S)P-menthyl 
methylphenylphosphinothioate (1.3 g, 4.2 rnmol) in benzene (40 
ml). 	The ether was then removed, by distillation until the 
still. head temperature reached 65°C. 	The mixture was heated 
under ref lux for 20 h, hydrolysed at 0 0C. with. aqueous ammonium 
chloride solution, the benzene layer separated and the aqueous 
layer extracted with dichloromethane. 	The extracts were 
combined, dried over anhydrous sodium sulphate,, and the solvent 
removed, on a rotary evaporator. 	Menthol was removed from the 
oily residue (1.5 g) by bulb distillation (80-90 °C/0.05 mm) 
and the residue subjected to chromatography on alumina. 
Elution with petrol, 40:60/ether (7:3) gave an oil which 
crystallised when dissolved in n-hexane and stored at 5 °C. 
The white solid (0.17 g) was identified as methylphenyl-n-
propyiphosphine sulphide (20%). 	m.p.44-57 0C 5 (CDC1 3 ): 
+39.1 p.p.m.; 	(Found: C, 60.5; H, 7.7%. 	C10H 15PS requires 
C, 60.6; 	H, 7.6%). 	(a] 22 +0.27 °C (c 1.1, methanol), 
(lit. 228 [aID +22 ° ). 	The optical purity was only 1.2%. 
(51) (S)P -Menthyl methyiphenyiphosphinate and conversion 
into (-) - (S) -Methylphenyl.-n-propylphosphine sulphide. 
The (S)P-phosphinate was prepared by the method of Korpiun 
229 et al. 
Methyl methyiphenyiphosphinate was prepared by a 
Michaelis-Arbusov reaction. 	Dimethyl phenyiphosphonite 
(29.0 g, 0.171 mol, kindly provided by Mr.K. Brown) was added 
gradually to methyl iodide (0.3 ml) at a rate to maintain the 
temperature at 90-105 °C. 	Methyl iodide was also added 
periodically to ensure a continuous reaction.. After stirring 
the reaction mixture overnight, the product was obtained by 
distillation as a colourless liquid (28.6 g, 99%). 	b.p.84
0C/ 
0.08 mm (lit. 229  94
0C/0.05. mm) 	6H  (CDC1 3 ) 	1.70 (3H, d, 
j 11 15, CH3 ), 3.63 (3H, d, JPH=llHz,  OCH 3 ), 7.20-8.15 (5H, 
m, PhH). 
Methyiphenyiphosphinyl chloride was then prepared by the 
reaction of methyl methyiphenyiphosphinate (28.6 g, 0.168 mol) 
with phosphorus pentachioride (35.2 g, 0.169 mol.) in carbon 
tetrachloride (1.25 ml).. 	The required product was obtained 
as a pale yellow oil .(26.3 g, 90%) on distillation, b.p.105-
1080C/0.05 mm (lit. 229  105-110 °C/0.05 mm). 
A solution of the acid chloride (26.3 g, 0.151 mol) in 
ether (75 ml) was then added to a solution. of 1-menthol (21.2 
g, 0.136 mol, [cL]D  -50 °C) in pyridine (10.8 g) and ether (50 
ml). 	The reaction mixture was stirred overnight, filtered, 
and the filtrate washed with 10% hydrochloric acid (2x100 ml) 
and then dried over anhydrous sodium sulphate. 	After removing 
the solvent on a rotary evaporator the residual oil (42.9 g) 
was dissolved in ri-hexane and stored at 5 °C. 	The crystals 
which formed. were recr.ystallised a further three times 
from n-hexane to give (S)P-Menthyl methyiphenyiphosphinate 
(2.4 g, 5.4%) as white crystals.. 	m..p.78-79
0C, [a,].4 -88.7° 
(c, 1.7, benzene).. 	(lit. 
229  m.p.79-800C, [ct]D 94). 
('H n.m.r. Fig. 7 , p.217). 	& (CDC1 3 ):. +40.4 p.p.m. 
(d) n-Propylinagnesium bromide was prepared from magnesium 
(0.83 g, 0.034 mol) and 1.-bromopropane (4.2 g, 0.034 mol) in 
ether (30 ml) and reacted with a solution of (S)e-menthyl 
methyiphenyiphosphinate. (2.4 g, 0.0082 mol) in benzene (30 ml) 22C 
The solvents were then distilled off until the still head 
temperature reached 68 
0  C.  The reaction mixture was then 
heated under ref lux for 18 h.. Work-up, including.chromato-
graphy on alumina followed, by recrystallisation from n-hexane 
(4 times) gave (+)-(R) -Methylphenyl-n-propylphosphine oxide 
(0.91 g, 61%) as white crystals. 	[a] 3 +14.8 0 (C 3.6, 
benzene) 	(lit. 229 [cdD +17 0 , methanol). 
(-) - ( S) -Methylphenyl-n-propylphosphine sulphide was then 
prepared by the method of Zon etal. 
228  by the deoxygenation 
of (+)-(R) phosphine. oxide. (0.91. g, 5 mmol) with hexachioro-
disilane (1.7 ml, 10 rnmol) followed by partial. work-up and 
reaction of the resultant phosphine with sulphur (0.3 g, 9.4 
mmol) in benzene (40 ml). 	The product was isolated, by 
chromatography on alumina, as a white solid (.0.67 g, 68%), m.p. 
57-80°C (n-hexane). 	(a] 23 -15.7 ° (c,1.7, methanol). 	(lit. 22E  
1D -22 °
, 100% optical purity). 	The optical purity was, 
therefore, 71%. 	tSR  (CDC1 3 ) : 0.95 (3H, t, CH 2CH3 ) , 1.35-2.14 
(4.H, 	m, CH 2CH 2 ) , 1.92 (3H, d, J PH  =13Hz, P-CH 3 ) , 7.37-7.57 
(3H, m, rn, 2-PhH). 	7.72-8.06 (2H, m, o-PhH). 	tS 	(CDC1.3 ): 
+39.2 p.p.m. 	(Found: C, 60.4; H, 7.8%. 	C10H15PS requires 
C, 60.6; 	H, 7.6%). 
jul. 
E.1 Oxidation of Aromatic compounds with Chromyl Acetate 
and Measurement of the NIH shift 
General Method. 	A two-fold excess of chromyl acetate was 
added over 2 h to a. solution of the aromatic compound in carbon 
tetrachloride. 	The mixture was stirred. at room temperature 
under nitrogen for 4 h and then washed. with. water and extracted 
three times with ether (100 ml). 	After drying over, magnesium 
sulphate the ether was removed on a rotary evaporator and the 
residue examined for products by. g.l.c. and g.l.c./m.s. with 
identification by comparison of retention times and mass spectra 
with those of authentic samples. 
(1) 	(a) Anisole 
Anisole (2.0 g, 18.5 rnmol) in carbon tetrachloride (20 ml) 
was reacted with chromyl acetate (7.4 g, 37 rnmol) in carbon 
tetrachloride (20 ml) as described, previously. 	Examination 
of the residue by g.l.c. (5% OV-17, 129; 3% NPGS, 98 ° ) using 
acetophenone as an internal standard showed two peaks identified 
as anisole (0.40 g, 20%) and -benzoquinone (0.09 g, 5%) 
(b) t4- 2 HlAnisole (Deuterium incorporation, 79%) 
The reaction was carried out as described above for 
anisole. 	Examination of the residue by g.l.c../m.s. (5% OV-17, 
950) showed two peaks: nile 109 identified as unreacted [4- 2 H] 
Anisole and m/e 109 (M +.1, 42%)/108 (M, 100%) identified as 
-benzoquinone in which some of the deuterium (20%) had been 
retained. 	The degree of deuterium retention was calculated 
from the ratio of M + to M + +1 peaks with adjustment for the 
deuterium content of the starting material and the natural 
abundance of deuterium. 
(a) Diphenyl ether 
Diphenyl ether (2..0 g, 12 minol) in carbon tetrachloride 
(20 ml) was reacted with chromyl acetate. (4.8 g, 24 rnmol) in 
carbon tetrachloride (20 ml). as. described, previously. 
Examination of the residue by g.l.c. (5 0  OV-17, 146 ; 2½% 
OV-1, 98; 3% NPGS, 146 °) using acetophenone as. an internal 
standard showed. three peaks identified as -benzoquinone 
(0.05 g, 4%), phenol, and diphenyl ether (0.32 g, 16%). 
(b) (4- 2 H}Diphenyl ether . (Deuterium incorporation, 71%) 
(4- 2H}Diphenyl ether (1.0 g, 6 mmol) and chromyl acetate 
(2.4 g, 12 mmol) were reacted. as described above for diphenyl 
ether. 	Examination of the residue by g.l.c./m.s. (3% NPGS, 
Temperature programme, 112 ° to 200° at 8°/mm) showed three 
peaks: m/e 109 (M+1, 20%)/108 (M t , 100%) identified as 2-
benzoguinone in which some of. the deuterium (4%) had been 
retained, m/e 95 (M+1, 64%)/94 (M t , 100%) identified as 
phenol with deuterium retention (55%) and m/e. 171 identified 
as unreacted [4- 2 H]Diphenyl ether. 	Deuterium retentions 
were calculated by the method described in E(1) (b). 
(a) Biphenyl 
Biphenyl (2.0 g, 13 mmol) in carbon tetrachloride (20 ml) 
was reacted with chromyl acetate (5.3 g, 26 rnmol) in carbon 
tetrachloride (20 ml) as described previously. 	Examination of 
the residue by g.l.c. and g.l.c./m.s. (2½% OV-17,. 220 ° ) using 
salicylaldehyde as an internal standard showed four peaks 
identified as benzoic acid (m/e 122, 0.18 g, 11%) , unreacted 
biphenyl (0.27 g, 14%), 2 or 3-hydroxybiphenyl (m/e 170), and 
4-hydrnxybiphenyl (m/e 170, 0.014 g, 0.6%). 
.L¼J) 
(b) [4- 2 H]Biphenyl (Deuterium incorporation, 76%) 
The reaction was carried out as described, above for 
biphenyl. 	Examination of the residue. by g.1.c. and g.l.c./ 
m.s. (2½% OV-17, 202 ° ) showed four. peaks which were.identified 
as benzoic acid, unreacted.[4- 2 H]Biphenyl,. 2 or 3-hydroxybi- 
phenyl (m/e 171, M+1, 100%./170, 	47%) with a deuterium 
retention of 81%, and. 4-hydroxybiphenyl (m/e 171, M+1,100%) 
with a deuterium retention of 52%. 	Deuterium retentions 
were calculated. by the method described in E (1) (b). 
Phenol 
Phenol- (2.0 g, 21 nunol) in carbon tetrachloride (20 ml) 
was reacted with chromyl acetate (8.6 g, 42 mmol.) in carbon 
tetrachloride (20 ml) at 0 °C as described previously. 	Examina- 
tion of the residue by g.1.c. and g.1..c./m.s. (2½% OV-1, 110 ° ) 
using nitrobenzene as an internal standard showed two peaks 
identified as -benzoquinone (m/e 108, 0.24 g, 11%) and phenol 
(m/e 94, 0.14 g, 7%). 
Benzyl-[4- 2 H]phenyl ether 	(Deuterium incorporation, 72%) 
Benzyl [4- 2 H).phenyl ether (1.0 g, 5.4 mmol) in carbon 
tetrachloride (20 ml) was reacted with chromyl acetate (2.18 
g, 10.7 mmol) in carbon tetrachloride (20 ml) at 0 0  C as 
described previously. 	Examination of the residue by g.1.c. 
and g.1.c./m.s. (2½% OV-1, 120 ° ) using nitrobenzene as an 
internal standard showed.three peaks identified. as 2-benzo- 
quinone [m/e 109, M+1, 9%/108, M, 100%; 	(0.06 g, 5%)] with 
no retention of deuterium, benzaldehyde (m/e 106, 0.03 g, 3%), 
and phenol [m/e 95, M+1, 100%/94, M, 31% (0.01 g, 1%)] with 
deuterium retention of 95%. 	Deuterium retentions were 
iuq 
calculated by the •procedure described in E (1) (b). 
Acetanilide 
Acetanilide (2.0 g, 15 mmol) in carbon. tetrachloride 
(20 ml) was reacted with chromyl acetate (5.5.g, 30 rnmol) in 
carbon tetrachloride (2.0 ml) as described, previously. 
Examination of the residue. by g.l.c. and. g..l.c./m.s. (2½% 
OV-1, temperature programme, 1650  for 3 mm. then. increased 
@ 8 0  /min to 250 0 ) showed three peaks two of. which were identified 
as nitrobenzene (m/e 123) and unreacted acetanilide (rn/c 135). 
One peak (rn/e 171) was not identified. 
The residue was then chromatographed..on alumina. Elution 
with petrol/ether (4:1) gave a yellow oil confirmed as nitro-
benzene (0.31 g, 17%) by i.r. 
4-Chlorophenol 
4-Chiorophenol. (2.0 g, 15.5 mmoi) in carbon tetrachloride 
(20 ml) was reacted with chrornyl acetate. (6.2 g, 31 mmol) as 
described previously. 	Examination of the residue by g.l.c. 
and g.1.c./m.s. (2 32-% OV-17, 170 ° ) showed three peaks identified 
as -benzoquinone (rn/e 108), 2-chioroquinone (rn/e 142/144) and 
unreacted 4chlorophenol. (rn/c 128/130). 
(a) Chlorobenzene 
Chlorobenzene (2.0 g, 17.8 mrnol) in carbon tetrachloride 
(20 ml) was reacted with chromyl acetate (7.2 g, 35.6 rninol) in 
carbon tetrachloride (20 ml) at 12 °C and 60 °C as described 
previously. 
12 °C. 	Examination of the residue by g.l.c. (5% OV-17, 150 ° ) 
showed no product peaks at a level which. would enable identifica-
tion to be made by g.l.c./m.s. 
60 0C. 	Examination of the residue by g.l.c. and g.l.c./m.s. 
(2½% OV-1, Temperature programme, 94 ° for 5 min then increased 
@ 10 0/min to 2000),  showed trace amounts of six products none 
of which had comparable retention. times to.those of authentic 
samples of o, rn or -chloropheno1. 	Five of. .the. peaks were 
eventually identified as dichlorobenzenes. (m/e 146/148, 2 
peaks), 2-chioroquinone (m/e 142/144) and chiorophenylacetates 
We 170/172 (M), 128/130, 2 peaks). 	Authentic samples of 
o- and 2-chlorophenylacetate were kindly provided by Dr. M. 
Hamblin. 	One. peak (m/e 156/158). was not identified. 
(b) [4- 2 H]Chlorobenzene (Deuterium:incorporation, 89%). 
The reaction was carried, out as described above for 
chlorobenzene at 60 °C. 	Examination of the residue by g.l.c./ 
m.s. (2½% OV-1, Temperature programme, 95 ° for 5 min then 
increased @ 16 0  /min to 220 0C) showed three peaks which were 
identified as dichlorobenzene (m/e 146/1.48),. o-chlorophenyl-
acetate (m/e 1.29/131, M++1)  with a deuterium retention of 100% 
and -chlorophenylacetate [m/e 129/131., M+1, (39/15%); m/e 
128/130, M, (100/44%)] with a. deuterium. retention of 24%. 
E.2 Oxidation of Thiophosphoryl. Compounds with Chromyl 
Acetate 
General Method. 	Excess chromyl acetate was added at 0 °C, 
over 2 h, to a solution of the thiophosphoryl. compound in 
carbon tetrachloride. 	The mixture was then stirred under 
nitrogen for 2-4 h. 	The dark precipitate which formed was 
filtered, off and the filtrate washed with water, concentrated 
by removing the solvent on a rotary evaporator and examined by 
31 p n.m.r. 
.- 'I 'J 
Triethyl- and Triphenyiphosohorothionate 
Triphenyl- and Tri-p--chlorophenylphosphine sulphide 
The thiophosphoryl compound (0.20 g, 0.5 to 1.0 mmol) 
in carbon tetrachloride (20 ml) was reacted.. with chromyl 
acetate (5 or 10M excess, see Table 11) in carbon tetrachloride 
(20 ml) as described previously. 	In each case. examination of 
the residue by 31 P n.m.r. showed complete. conversion of the 
thiophosphoryl compound. to the corresponding phosphoryl 
compound (Table 11). 
Product No. of moles 31 P 	n.m.r. 
Phosphoryl Compound excess chromyl (CDC1 p 	3 
Acetate p.p.m. 
Triethyl phosphate 10 -1.1 
Triphenyl phosphate 10 -17.6 
Triphenyiphosphine oxide 5 +29.3 
Tri--chlorophenylphos- 5 +27.2 
phine oxide 
Table 11 
F. 	The Photo-sensitised Oxidation of Diphenyldiazomethane 
in the presence of Phosphorothionates 
General Method. 	A solution of the phosphorothionate in 
dichloromethane was placed in a water cooled pyrex vessel. 
The photosensitiser, either 	-Rose bengal or methylene blue 
was added, dry oxygen bubbled through the solution at the rate 
of ca.500 ml/min, and the solution irradiated through the 
pyrex vessel by a Photoflood lamp (275W, 240V, Osram) for 
0.5 to 2.0 h. After commencement of the irradiation di-
phenyldiazomethane.was. added. in six aliquots over 15 min to 
74 minimise azine production . 	After reaction the solution 
0 	 0 was examined by t..l.c. and g.l.c. (2½6 OV-1, 170 ) for 
benzophenone using biphenyl as an internal standard, and by 
3 1 P n.m.r. for evidence of any phosphate. production. 
Three control.. experiments were also carried out: 
Omitting diphenyldiazomethane ie 102 only. 




A solution of trimethyiphosphorothionate (0.47 g, 3 mmol) 
and methylene blue (6 ml; 1.0 mg/10 ml CH 2C1 2 ) in dichloro-
methane (90 ml) was irradiated for 0.5 h. and diphenyldiazo-
methane (1.17 g, 6 mmol) added as described previously. 
Examination of the solution by g.l.c. showed evidence of 
unreacted phosphorothionate, trimethyl phosphate and benzo-
phenone. 	Further examination by g.l.c. confirmed the presence 
of benzophenone (0.62 g, 57%). 31 P N.m.r. of the reaction 
mixture showed two peaks due to trimethyl phosphate ó (CDC1 3 ): 
+2.4 p.p.m. (5%) and unreacted phosphorothionate. 	When using 
benzophenone (0.31 g, 1.8 mmol) in place of the diazo compound 
or omitting the diazo compound altogether only trace amounts 
(<1%) of phosphate were observed. 	When the photosensitiser 
was omitted the yield of benzophenone (0.33 g, 30%) was lower 
and as expected 31 P n.m.r. showed the yield of trimethyl 
phosphate to be similarly reduced. 
- 	 J ._J 
Triethylphosphorothionate 
A solution of triethyiphosphorothionate (0.59 g, 3 rnmol) 
and ® -Rose bengal (200 mg) in dichioromethane (90 ml) was 
irradiated by (a) one, and (b), two photoflood lamps for 2 h 
and diphenyldiazomethane (1.17 g, 6 rnmol) added. as described 
previously. 	Examination of the solution by t.l.c. showed 
the presence of unreacted phosphorothionats,_ triethyl phosphate 
and benzophenone. 	Further examination by g.l.c. confirmed 
the presence of benzophenone in (a) 0.44 g, (44%) and (b) 
0.51 g, (46%) yields respectively. 31 P N.m.r. of the reaction 
mixture showed two peaks due to triethyl.. phosphate 6 (CDC1 3 ): 
(a) -0.9 p.p.m. (5%) and (b) -0.9 p.p.m. (11%) and unreacted 
phosphorothionate. 	When methylene blue (6 ml; 10 ml CH 2C1 2 ) 
was used as the photosensitiser and irradiation continued 
for only 0.5 h the yield of benzophenone (0.66 g, 60%) was 
increased, however, the yield of triethyl phosphate was not 
affected. 
As in (1) when benzophenone was used. in place of the 
diazo compound or the diazo compound was omitted altogether 
only trace amounts of phosphate (<1%) were observed. 
Triphenylphosphorothionate 
A solution of triphenylphosphorothionate (1.03 g, 3 mmol) 
and 	-Rose bengal (200 mg) in dichloromethane (90 ml) was 
irradiated. for 2 h and diphenyldiazomethane.(1.17 g, 6 mmol) 
added as described previously. 	Examination of the solution 
by t.1.c. showed evidence of triphenyl phosphate and benzo- 
phenone as products. 	Further examination of. the solution by 
g.l.c. confirmed the. presence of benzophenone (0.60 g, 55%). 
When methylene blue (6 ml; 10 mg/la ml CH 2C12 ) was used as 
the photosensitiser and. irradiation continued for 0.5 h the 
yield of benzophenone (0.71 g,. 65%) was. increased. 	In both 
cases 31 P n.m.r.. of the reaction. mixture showed two peaks, 
one due to triphenyl. phosphate 6 (CDC1 3 ).: -17.1 p.p.m. 
(ca 3-5%) and the other due to unreacted phosphorothionate. 
When diphenyldiazomethane was omitted. a small amount (ca.1%) 
of the phosphate was formed. 	When benzophenone (0.31 g, 1.8 
mmol) was used in place of diphenyldiazomethane the yield of 
triphenyl phosphate was ca.2%. 
G.1 The Photo-sensitised Oxidation of. Benzoylphenyldiazo-
methane in the presence. of Phosphorothionates 
General Method. 	The method of reaction was the same as that 
described for diphenyldiazomethane.. After reaction the 
solution was examined by t.l.c. and g.l.c. (21,-% OV-1, 200 ° ) 
for benzil using biphenyl as an internal, standard, and by 
3 
1 P n.m.r. for evidence of any phosphate.production. 	When 
-Rose bengal was used as the photosensitiser little reaction 
occurred giving a low yield (ca.<5%) of benz.il. 	With methylene 
blue (5 ml; 10 mg/10 ml CH 2C12 ) as sensitiser, however, good 
yields of benzil (65 to 75%) were obtained. 
Trimethyl-,. Triethyl-, and Triphenylphosphorothionate 
A solution of the phosphorothionate (3 rnmol) and methylene 
blue in dichioromethane (90 ml) was irradiated for 1 h and 
benzoylphenyldiazomethane (1.33 g, 6 mmol) added as described 
previously. 	Examination of the reaction mixtures by t.l.c. 
showed evidence of the corresponding phosphate and benzil. 
The yields of benzil were determined by g.l.c. (Table 12). 
In each case 31 P n.m.r. of the reaction mixture showed two 
peaks due to unreacted phosphorothionate and the corresponding 
phosphate, (Table 12). 
Phosphorothionate Yield.of. benzil. (%)a  Phosphate 	(CDCl 3 ) ppi 
(ca.Yield, %)b 
	
(MeO) 3 P=S 	 75 	 +2.2 (15%) 
(Eta) 3 P=S 	 66 	 -1.0 (16%) 
(PhO) 3 P=S 	 65 	 -17.3 (5%) 
a) by g.l.c. 	 b) by 31 P n.m.r. 
Table 12 
G.2 Oxidation of Benzoylphenyldiazomethane. with Triphenyl 
Phosphite-ozone adduct in the presence of Triethyl-
phosphorothionate 
A solution of triethyiphosphorothionate (0.59 g, 3 mmol) 
and benzoylphenyldiazomethane (1.33 g, 6 inmol) in dichioro- 
0 methane (5 ml) was cooled to -78 . 	Triphenyl phosphite 
ozone adduct (ca.30 mmol) in dichloromethane (30 ml) was then 
added and the solution allowed to reach room temperature. 	The 
reaction mixture was then examined by g.l.c. (2½% OV-1, 200 ° ) 
for benzil (1.03 g, 82%) using biphenyl. as an internal standard. 
n.m.r. 6 p 
	3 
(CDC1 ) of the reaction mixture showed three 
main peaks at +67.7, -1.0 (ca 21%) and -17.4 p.p.m. due to 
t riethyiphosphorothionate, triethyl phosphate and triphenyl 
phosphate respectively. 	In a control experiment, when the 
diazo compound was omitted, triethyl phosphate 	6 (CDC13): 
111 
-1.2 p.p.m. (Ca 10%) was again observed. 
In both reactions, no intermediate-was observed, by 31 P 
n.m.r, during the conversion of triphenyiphosphite ozonide 
(6 (CDC1 3 ): -63 p.p.m..) to triphenyl phosphate. 
The Photo-sens.itised Oxidation of. Pyridiniuin bis(methoxy-
carbonyl) Methylide. Attempted Oxygen Atom transfer to 
Phosphorothionates. 
General Method... 	A solution of the phosphorothionate (6 inmol) 
the ylide (9 mmol), and methylene blue (8 ml.; 10 mg/la ml 
CH 2 C1 2 ), in chloroform (100 ml), was irradiated for 1 to 2 h 
by the method used for diphenyldiazomethane. The yield of 
pyridine was determined by g.l.c. (10% CAR-20M + 2% KOH, 88 ° ) 
using anisole as an internal standard. 	The reaction mixture 
was also examined by 31 P n.m.r. for evidence of phosphate 
production. 
Trimethyl-, Triethyl-, and Triphen r lphosphorothi onate 
The yields of pyridine (56 to 67%) were determined by 
g.1.c. 31 P N.m.r. of the reaction mixture showed that the 
corresponding phosphates (<1%) wer , a. not present as products 
at levels above those of a control experiment in which the 
ylide was omitted. 
Variable Temperature 31 P n.m.r. study of the reaction 
between. Trifluoroperacetic acid and. Triethyiphosphoro- 
A solution of triethyiphosphorothionate (0.10 g, 0.5 nirnol) 
liz 
in deuteriochioroform (0.4 ml) was placed in an n.m.r. tube 
and frozen in liquid nitrogen.. Trifluoroperace.tic acid (0.2 
ml) was then added.. 31 P N.m.r. spectra. were. run, initially at 
10 min intervals, when the probe temperature. was -60 °C. After 
1 h the probe temperature. was raised slowly over 30 min to 
0 °C while continuing to run spectra at 15 min intervals. 
There was complete conversion of the phosphorothionate 
into triethyl phosphate, 6 (CDC1 3 ): -2..3 p.p.m. but at no 
point was any peak observed due. to a possible intermediate. 
J.1 Photolysis of Pyridine N-Oxide in the presence of 
Thiophosphoryl Compounds. 
J1.1 Triethyiphosphorothionate 
A solution of triethyiphosphorothionate (0.304 g, 1.5 mnmol) 
and pyridine N-oxide (3.04 g, 3.2 nimol) in dichioromethane 
(80 ml) was irradiated through quartz for 5 h by a Hanovia 
(4W) low pressure mercury lamp. 	The reaction was monitored 
by t.l.c. using several conditions but at no point was triethyl 
phosphate observed. 
A solution of triethyiphosphorothionate (1.01 g, 5 nimol) 
and pyridine N-oxide (1.90 g, 20 mmol) in dichioromethane (5 ml) 
was irradiated through quartz for 4 h by two low pressure 
mercury lamps housed in a Hanovia Reading reactor.. It was 
uncertain from t.1.c. of the reaction mixture. whether triethyl 
phosphate was present but examination by 31 P n.m.r. showed two 
peaks due to triethyl phosphate 6 (CDC1 3 ): -1.6 p.p.m. (ca 1%) 
and unreacted phosphorothionate respectively. 
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Ji . 2 Triphenylphosphorothionate 
A solution of triphenyiphosphorothionate (0.53 g, 1.55 
mmol) and pyridine N-oxide (5.3 g, 5.6 mmol) in dichloromethane 
(100 ml) was irradiated under the conditions used in J1.1(a) 
for 5 h. 	The reaction was monitored by t.1..c. but no tn- 
phenyl phosphate was observed. 
A solution of tniphenyiphosphorothionate. (0.04 g, 1.17 ramol) 
and pyridine N-oxide (0.20 g, 2.1 inmol) in deuter.iochloroform 
(5 ml) was irradiated under the conditions used in J1.1(b) for 
17 h. 	The reaction was monitored by 31 P n.ra.r. and only one 
peak was observed due to unreacted. triphenyiphosphorothionate. 
J1.3 Triphenyiphosphine sulphide 
A solution of triphenyiphosphine sulphide (0.29 g, 1 mmol) 
and pyridine N-oxide (0.48 g, 5 rnmol) in dichl.oromethane (5 ml) 
was irradiated under the conditions used. in J1.1(b) for 15 h. 
31 P N.m.r. examination of the reaction mixture showed only one 
peak, due to unreacted triphenyiphosphine sulphide. 
J1.4 Tri-p-chlorophenylphosphine sulphide 
A solution of tni--chlorophenylphosphine su.lphide (0.63 
g, 1.58 mrnol) and pyridine N-oxide (6.3g, 6.63 mmol) in di-
chloromethane (80 ml) was irradiated, under the. conditions used 
in J1.1(a) for 4 h. 	The reaction was monitored by t.l.c. under 
various conditions and showed evidence for the formation of 
tri-p-chlorophenylphosphine oxide but this was not confirmed 
by 31 P n.m.r. of the reaction mixture which showed only one 
peak due to unreacted phosphine sulphide. 
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J.2 Photolysis of Pyridine ' N-Oxide - Boron. Trifluoride 
Adduct in the presence of. Triethyiphosphorothionate 
A solution of triethyiphosphorothionate. (5.0 g, 25.3 mmol) 
and the adduct (1.0 g, 6.14 rnmol) in dichioromethane (40 ml) 
was irradiated under the conditions used in J1.1(b) for 12 h. 
Examination of the solution by 31 P n.m.r. showed two peaks 
due to triethyl phosphate cS (CDC1 3 ): -1.1 p.p.m. (ca 1%) and 
unreacted phosphorothionate respectively. Examination of the 
reaction mixture by g.l.c. (10% CAR.20M +2% KOH, 88 °), using 
anisole as an internal standard gave the yield. of pyridine 
(0.8%) 
J.,3 Photolvsis of Pvridine N-Oxide,under various conditions 
J3.1 A solution of pyridine N-oxide (1.0 g, 10.5 mmol) in 
dichloromethane. (100 ml) was irradiated through quartz with a 
Hanovia (4W) low pressure mercury lamp for 2 h. 	After removing 
some of the solvent on a rotary evaporator, examination of the 
reaction mixture by g.l.c. (10% CAR.20M +2% KOH, 88 °), using 
anisole as an internal standard,. showed. one.product which was 
identified as pyridine (0.008 g, ca 1%). 	When the photolysis 
was carried out in benzene (80 ml) instead of dichloromethane, 
examination of the reaction mixture by t.l...c. under various 
conditions gave good evidence for the formation of phenol. 
J3.2 A solution of pyridine N-oxide (0.10 g, 1.05 mmol) in 
di.chloromethane (10 ml) was irradiated through quartz by two 
low pressure mercury lamps housed in a Hanovia Reading reactor 
for 2 h. 	Pyridine (0.0042 g, 4%) was identified as a product 
by g.l.c. using conditions described above. 
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When the photolysis was carried out in benzene (10 ml) 
instead of dichioromethane, examination of the reaction 
mixture by t.l.c. under various conditions gave good evidence 
for the formation of phenol. 
K. 	Photolysis of 2,6-Lutidine N-Oxide in the presence of 
Phosphorothionates 
General Method. 	A solution. of 2,6-lutidine. N-oxide (0.16 g, 
1.25 mmol) and the phosphorothionate (2.5.mmol) in d.ichloro-
methane (100 ml) was irradiated through quartz with a Hanovia 
(4W) low pressure. mercury lamp for 5 h. (except in the case of 
triphenyiphosphorothionate). 	Examination of the reaction 
mixture by g.l.c. and g.l.c./m.s. (10% CAR..20M +2% KOH, 110), 
using E-tert-butyltoluene as an internal, standard., showed one 
major product (m/e 107) which was identified as 2,6-lutidine. 
The reaction mixture was further examined by 31 P n.m.r. to 
identify and obtain an approximate yield. of any phosphate 
produced. 	The results are shown in Table 13. 	Control 
experiments showed, that when the N-oxide was. omitted from 
the photolyses, no evidence for phosphate formation was observed. 
Phosphorothionate Yield of 2,6-lutidine Phosphate (S CDC1 ppm 
(%)a 	 (ca Yield, %) 
(MeO) 3 PS 	 21 	 +2.0 	(5%) 
(EtO) 3 P=S 	 16 	 -1.5 	(5%) 
(Pho)3 p.c 	 11 	 -17.3 	(3%) 
a) by g.l.c. 	b) 31 P n.m.r. data (unreacted phosphorothionate 
was also observed). 	C) hv, Applied Photophysics (125w) 
medium pressure mercury lamp, 24 h. 
Table 13 
L. 	Photolysis of 4-Phenylpyridine N-Oxide in. the presence 
of Phosphorothionates 
General Method. 	The method of reaction was the same.. as that 
described previously for the photolysis of 2,6-lutidine N -  
oxide in the presence of triphenylphosphorothionate except 
that irradiation was continued for only 5 h. 	Examination of 
the reaction mixture.b.y t.l.c.. after this time.showed that all 
the N-oxide had been.consumed.. 	Further examination of the 
reaction mixture by g.l.c./m.s. (5% SE. 30, 160) showed one 
major peak (m/e 155), identified as 4-phen.ylpyridine. 	The 
yield of this product was determined-by g.1.c.. (10% CAR.20M 
+2% KOH, 170 ° ) using biphenyl as an internal standard. 	An 
approximate yield. of any phosphate formed in the reaction was 
obtained from. examination of the reaction.rnixture by 31 P n.m.r. 
(Table 14). 
The major peak in all spectra was due. to unreacted 
phosphorothionate. 	Several other very small product peaks 
were also observed. 
Phosphorothionate Yield. of 4-phenyl- 
pyridine (%)a 
(MeO) 3 PS 	 31 
(EtO) - P=S 27 
(PhO) 3 P=S 
	
21 
Phosphate (CDCl3m) b 





a) by g.l.c. 	 b) 31 P n.m.r. data. 
Table 14 
M.1 Photolysis of 2-Cyanopyridine N-Oxide in the presence 
of Triaryiphosphine Sulphides 
General Method. 	A solution of 2-cyanopyridine N-oxide and 
the triaryiphosphine sulphide in dichioromethane was irradiated 
through pyrex by an Applied Photophysics (125W) medium pressure 
mercury lamp for 6 h. Examination of the reaction mixture 
by g.l.c. (10% CAR.20M +2% KOH, 150 ° ) showed one major product 
which was identified as. 2-cyanopyridine by comparison of its 
retention time with that of an authentic sample. 	The yield 
of 2-cyanopyridine was .determined. by g.l.c. using biphenyl 
as an internal standard. 	The reaction. mixture was. further 
examined by 31 P n.m..r. .to determine if the corresponding 
phosphine oxide had been. formed as a product,. and by h.p.l.c., 
using rn-terphenyl. as an internal standard, to establish the 
yields of unreacted phosphine sulphide and of phosphine oxide. 
In one case 2-cyanopyridine and the phosphoryl compound were 
isolated from the reaction mixture by preparative t.l.c. and 
identified by comparison, of their 'H n.m.r. spectra with those 
of authentic samples. 
(a) Tri-p-anisyiphosphine sulphide 
A solution of tri--anisylphosphine sulphide (0.38 g, 1 mmol 
and 2-cyanopyridine N-oxide (0.30 g, 2.5 ramol) in dichioro-
methane (150 ml) was irradiated as described previously. 	The 
yield of 2-cyanopyridine (0.096 g, 37%) was determined by g.l.c. 
Examination of the reaction mixture by 31 P n.m..r. showed two 
peaks 6 (CDC 1 3 ): +31.6, +40.7 p.p.m. due to tri--anisyl-
phosphine oxide and. unreacted phosphine sulphide respectively. 
The yields of phosphine oxide (0.158 g, 40%) and unreacted 
phosphine sulphide (0.199 g, 52%) were determined by h.p.l.c. 
Finally, 2-cyanopyridine and the phosphine oxide were 
isolated from the reaction mixture by preparative t.l.c. on 
alumina and their 'H n.m.r. spectra shown to be identical with 
those of authentic samples. 
(b) Tri-p-chlorophenylphosphine sulphide 
A solution of. tri--chlorophenylphosphine.sulph.ide (0.398 g, 
1 mmol) and. 2-cyanopyridine N-oxide (0.30 g, 2.5 mmol) in di-
chioromethane (150 ml). was irradiated as described previously. 
The yield of 2-cyanopyridine (0.086 g, 33%) was determined by 
g.1.c. 	Examination of the reaction mixture by 31 P n.m.r. 
showed two peaks 6 (CDC13 ): +28.3, +41.3 p.p.m. due to tri-p-
chiorophenyiphosphine oxide and. unreacted phosphine sulphide 
respectively. 	The yields of phosphine oxide.(0..104 g, 27%) 
and unreactedphosphine sulphide (0.214 g, 54%) were determined 
by h.p.l.c. 
M.2 Photolysis of 4-Cyanopyridine N-Oxide in the presence 
of Triarylphosphine Sulphides. 
The method of reaction was the same as that described 
for the photolysis of 2-cyanopyridine N-oxide in the presence 
of triarylphosphine sulphides (M.1). 	The results are shown 
in Table 20, p. 161 . 
N. 	Photolysis of Pyridazine N-Oxides in the presence of 
Thiophosphoryl Compounds 
N.1 Photolysis of (a) 3-Methylpyridazine 2-Oxide and 
(b) 3-Methylpyridazine 1-Oxide in the presence of 
Phosphorothionates 
General Method. 	A solution of the phosphorothionate (2.5 mmol) 
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and N-oxide (0.14 g, 1.25 mmol), either (a) or (b), in di-
chioromethane. (100 ml) was irradiated. through pyrex by an 
Applied Photophysics (125W) medium pressure.. mercury lamp for 
5 h. 	Examination of the reaction mixture by g.l.c. and 
g.l.c./m.s. (10% CAR..20M +2% KOH, 150 ° ) using biphenyl as an 
internal standard showed. one major product whi.ch was identified 
as 3-methylpyridazine (m/e 94) by comparison of its retention 
time and mass spectrum with those of an authentic sample. The 
reaction mixture.was further examined by 31 P n.m.r. to identify 
and obtain an approximate. yield of any phosphate produced. 
In a control experiment., when the N-oxide was omitted, 
examination of the reaction. mixture by 31 P n.m.r. showed only 
one peak due to unreacted phosphorothionate. 
Trimethyl-, Triethyl-, and Triphenyiphosphorothionate 
The yields of 3-methylpyridazine were determined by g.l.c. 
and examination of the reaction mixtures by 31 P n.m.r. (CDC1 3 ), 
in each case showed. two peaks due to unreacted. phosphoro-
thionate and the corresponding phosphate respectively, (Table 19, 
P. 15. 
N.2 Photolysis of Pyridazine N-Oxide in the presence of 
Phosphorothionates 
General Method. 	The method of reaction. was. the same as that 
used for the photolysis of 3-methylpyridazine 2-oxide in the 
presence of phosphorothionates (N.1). 	Examination of the reac- 
tion mixture by g.l.c. and g.1.c./m.s. (10% CAR 20M +22% KOH, 
1500) using biphenyl as an internal standard showed one product 
-. 	which was identified as pyridazine by comparison of its 
retention time and mass spectrum with those. of. an  authentic 
sample. 	The reaction mixture was further examined by 'P 
n.m.r. to identify and obtain an approximate yield of any 
phosphate produced.. 	The results are shown in Table 21, P-164 
N.3 Photolysis of 3-Methylpyridazine 2-Oxide. in. the presence 
of Triarylphosph.ine Sulphides 
General Method. A solution of the triaryiphosphine sulphide 
(0.05 to 5 nimol) and the N-oxide (0.14 g, 1.25 inmol) in di-
chioromethane (1.00 ml) was irradiated through pyrex by an 
Applied Photophysics. (125W) medium-pressure mercury lamp for 
5 h. 	Examination of the reaction mixture by g.l.c. and g.l.c./ 
m.s. (10% CAR 20M +2% KOH, 150 ° ) using biphenyl. as an internal 
standard showed one product (m/e 94) which was identified as 
3-methylpyridazine by comparison of its retention time and 
mass spectrum. with .those of an authentic sample. 	The reaction 
mixture. was further examined by 31 P n.m.r. to determine if the 
corresponding phosphine oxide had been formed as a. product, 
and by h.p.l.c., using rn-terphenyl as an internal standard, to 
establish the yields of unreacted phosphine sulphide and 
phosphine oxide. 	The identification of a phosphine oxide peak 
was by comparison of retention time with that of an authentic 
sample and in addition by a conventional peak enhancement 
technique. 	The results are shown in Table 18,p.158.As a. control 
experiment the N-oxide was omitted and a solution of each 
triaryiphosphine sulphide (2.5 mmol) in dichloromethane (100 ml) 
was irradiated under the experimental conditions used before. 
A 94 to 100% recovery of the phosphine sulphides was obtained 
as determined by h.p.l.c. using rn-terphenyl as an internal standai 
In addition the stability of the product phosphine 
oxides, under the photolysis conditions, was investigated. 
A solution of each phosphine oxide (0.63 rrimol) in dichioro-
methane (100 ml) was irradiated under the experimental con- 
ditions used before and. a 95 to 100% recovery of the phosphine 
oxide was obtained as. determined by h.p.l..c. using rn-terphenyl 
as an internal standard. 
N.4 Photolysis of 3.-Methylpyridazine 2-Oxide in the presence 
of Competing Triarylphosphine Sulphides 
General Method.. . A solution of 3-methylpyridazine 2-oxide 
(0.14 g, 1.25 mmol) and two phosphine. sulphides (0.25 inmol of 
each) in dichioromethane (100 ml) was irradiated as described 
for the reactions using only one triarylphosphine. suiphide (N.3). 
The yield of 3-methylpyridazine was determined by g.l.c. (10% 
CAR 20M +2% KOH, 150 ° ) using biphenyl as an internal standard. 
The reaction mixture was further examined by 31 P n.m.r. and 
by h.p.l..c. using rn-terphenyl as an internal standard to 
determine the absolute and relative yields of the phosphine 
oxides produced. 
The results are shown in Table 23 , p.175. 
N.5 Photolysis of 3,6-Dimethylpyridazine N-Oxide .in the 
presence of Triarylphosphine Sulphides 
General Method. 	A solution of. the N-oxide (0.16 g, 1.25 rnmol) 
and phosphine sulphide (0.5 mmol) in dichloromethane (100 ml) 
was irradiated through pyrex with an Applied Photophysics 
(125W) medium pressure mercury lamp for 5 h. 	Examination of 
the reaction mixture by g.1.c. and g.l.c./m.s. (10% CAR.20M 
+2% KOH, 1500) showed one product (m/e 108) which was 
identified as 3,6-dimethylpyridazine by comparison of its 
retention time and.mass spectrum with those of an authentic 
sample. 	The yield of 3 , 6-dimethylpyridazine was determined 
by g.l.c.. using biphenyl as an internal standard. 	The 
reaction mixture was further examined.by 31 P n.m.r. to 
determine if the corresponding phosphine oxide had been 
formed as a product, and by h.p.l.c., using rn-terphenyl as an 
internal standard, to establish the yields of unreacted 
phosphine sulphide and phosphine oxide. 
The results are shown in Table 22, p.165. 
0. 	Photolysis of 3-Methyl2yridazine 2-Oxide in the 
presence of Tripheriylphosphine 
A solution of 3-methylpyridazine 2-oxide (0.14 g, 1.25 
mmol) and triphenyiphosphine (a: 0.5 mmol, b:. 1.25 mmol) 
in dichioromethane (100 ml) was irradiated. under the conditions 
described before for the photolysis of 3-methylpyridazine 
2-oxide in the presence of triarylphosphine sulphides (N.3). 
The yield. of 3-methylpyridazine (a. 39%, b. 41%) was 
determined by g.l.c. (10% CAR.20M +2% KOH, 150 ° ) using 
biphenyl as an internal standard.. Examination of the reaction 
mixture by 31 P n.m.r.. when 0.5 mmol of triphenyiphosphine had 
been employed showed only one peak, 6 (C]DC1 3 ):+29.4, iden-
tified as triphenylphosphine oxide. 	Further examination of 
the reaction mixtures by h.p.l.c. using rn-terphenyl as an 
internal standard gave the yields of triphenylphosphine oxide 
as a) 0.0814 g, 59%, 	b) 0.163 g, 47%. 
Investigation into Effect of Thiophosphoryl Compound 
Addition.on the Photolysis of. 3-Methyl.pyridazine 2-Oxide 
A solution of 3-methylpyridazine 2-oxide (0.14 g, 1.25 
inmol) in dichioromethane (100 ml) was irradiated under the 
conditions described before . (N.3.) with and without the addition 
of tri--chlorophenylphosphine sulphide (0.984 g, 2.5 rnmol). 
The formation rate of 3-methylpyridazine in each irradia-
tion was determined by g.l.c. (10% CAR.20M +2% KOH, 150 ° ) 
using biphenyl as an internal standard. 	Similarly, the 
consumption rate of the N-oxide and the formation rate of 
phosphine oxide were determined, by. h.p.l.c. using al-terphenyl 
as an internal standard. 
The results obtained, are shown in Figs. 1 	and 2, p.182. 
Photolysis of 3-Methylpyridazine 2-Oxide in the presence 
of Aromatic Compounds and-Measurement of.the NIH Shift 
General Method. 	A solution of 3-methylpyridazine 2-oxide 
(0.14 g, 1.25 minol) and the aromatic compound (25 rnmol) in 
dichioroinethane (100 ml) was irradiated. through pyrex by an 
Applied Photophysics (125W) medium pressure mercury lamp for 
2 h. The reaction mixture was then examined by g..l.c. and 
g.l.c./m.s. for hydroxylated products with. identification by 
comparison of retention times and mass spectra with those of 
authentic samples. 
(1) [4 -2 H]Toluene (Deuterium incorporation, 80%) 
A solution of 3-methylpyridazine 2-oxide (l..25 mmol) and 
[4- 2 H]Toluene (2.33. g, 25 rnmol) in dichioromethane (100 ml) 
was irradiated as described previously. 	Examination of the 
.L . 
reaction mixture by g.l.c. and g.l.c./m.s. (5% SE-30, 120 0 ) 
showed four peaks which were identified as unreacted 
[4 2 H]Toluene, 3-methylpyridazine (m/e 94), o-hydroxytoluene 
(m/e 109, M++1,  100%/108,  M+,  96%) with a deuterium retention 
of 100%, and 2-hydroxytoluene (m/e 109, M+1, 100%/108, 
98%/107, M-1, 95%) with a deuterium retention of 51%. The 
yields of o- and -hydroxytoluene (ca. 2 to 3%) were estimated 
from their peak area. ratios by g.l.c. 	The degree of deuterium 
retention was calculated.. from the. ratio of M+_1/M+/M++1  peaks 
with adjustment for the deuterium content of the starting 
material., the natural abundance of deuterium and the break-
down pattern in the mass spectra of authentic samples of 
undeuterated a- and 2-hydroxytoluene. 
The examination of the reaction mixture by g.l.c. showed 
benzyl alcohol, the. possible aliphatic hydroxylation product, 
to be absent. 
(2) [4- 2H]Anisole (Deuterium incorporation, 79%) 
A solution of 3-methylpyridazine 2-oxide (1.25 mmol) and 
[4- 2 H}Anisole (2.73 g, 25 rnxnol) in dichioromethane (100 ml) 
was irradiated as described previously. 	Examination of the 
reaction mixture by g.l.c. and g.l.c./m.s. (5% SE-30, 120
0
) 
showed five peaks, four of which were identified as unreacted 
[4- 2 H]Anisole, 3-methylpyridazine (m/e 94), o-hydroxyanisole 
(m/e 125, M+1, 80%/124, M+,  33%) with a deuterium retention 
of 83%, and -hydroxyanisole (m/e 125, M+1, 47%/124, M, 38%) 
with a deuterium retention of 49%. 	Deuterium retentions 
were calculated by the method described in Q(1).. 	One peak 
(m/e 189, 187) was not identified. 	The yields of a- and - 
hydroxyanisole (Ca 1.5 to 2%) were estimated from their peak 
I 
area ratios by g.l.c. 
(3) [4- 2 H]Chlorobenzene (Deuterium incorporation., 89%) 
A solution of 3-methylpyridazine 2-oxide (0.14 g, 1.25 
rrunol) and [4- 2 H]Chlorobenzene (2.84 g, 25 mmol) in dichioro-
methane (100 ml) was irradiated as described previously. 
Examination of the reaction mixture by g.l..c. and g.l.c./m.s. 
(3% OV-1, 1100)  showed four peaks which were identified as 
unreacted [4- 2 H]Chlorobenzene,. 3-methylpyridazine, o-chloro-
phenol (m/e 129, M, 100%/131, M, 34%) with a deuterium 
retention of 1.00% and 2-chiorophenol [m/e, 129/131, 
(100/36%); m/e. 128/130, M, (47/23%)] with a deuterium retention 
of 64%. 	Deuterium retentions were calculated by the method 
described in Q(1). 	The yields of o-, and 2-chlorophenol 
(ca 2 to 3%) were estimated from their peak areas ratios by 
g. 1.c. 
R. 	Photolysis of. 2-Cyanoguinoline N-oxide in the presence 
of Tri-p-anisylphosphine sulphide 
A solution of 2-cyanoquinoline N-oxide (0.216. g, 1.27 mmcl) 
and tri--anisylphosphine sulphide (0.384 g, 1 mrnol) in di-
chioromethane (1.50 ml) was irradiated through pyrex by an 
Applied Photophysics (125W) medium pressure mercury lamp until 
h.p.1.c. of. the solution showed that no N-oxide remained (5 h). 
Examination of the reaction mixture by h.p.l.c.. using rn-
terphenyl as an internal standard showed three peaks due to 
2-cyanoquinoline (0.020 g, 10%), tri--anisylphosphine oxide 
(0.040 g, 11%) and unreacted phosphine sulphide (76%). 	There 
were three other peaks which were not identified. 
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The solvent was then removed on a rotary evaporator 
and the residue chromatographed on alumina. 
Elution with petrol., 40:60/ether (1:1) gave a yellow 
solid (0.128 g) identified as 2-cyano-ben.z.(d] [1,3]oxazepine 
(59%), m.p.62-64 0C (lit. 115  65-66°C). 	The 'H n.m.r. spectrum 
was identical to that. of. an authentic sample. 	Further elution 
with petrol, 40:60/ether. (1:1) gave the following fractions. 
A light brown solid (0.025 g) 
2-cyano-3-hydroxyquinoline (12%); 
(OH). 	(Found: M, 170.048622. 
M, 170.048010). 	m/e 170 (M, 5%) 
tentatively identified as 
max (CH 2  Cl 
2 ) , 3478 cm 
C10H 6N 20 requires 
154 (20) , 118 (.34) , 117 
(100) , 116 (30) , 90 (97) , 89 (76) , 63 (31) . 	This compound 
was shown not to be unreacted N-oxide by t.l.c. 
A white solid (0.18 g) which was shown by tl.c. and 
'H n.m.r. to be unreacted phosphine sulphide (47%). 	Elution 
with ether/methanol (19:1) gave a brown oily solid (0.058 g) 
which was shown to be tri--anisylphosphine oxide (16%) by 
'H and 31 P n.m.r. 	6 	 (CDC1 3 ): +29.6 p.p.m. 
S.1 Photolysis of 3-(4 1 - 	 -Benzoyloxymethyl)pyridazifle 
N-Oxide in the presence of Tri-p-anisylphosphine sulphide 
(a) The polymer (0.50 g, ca 0.86 m equiv/g) was suspended in 
dichloromethane (100 ml) and tri--anisylphosphine sulphide 
(0.137 g, 0.36 mmol) added.. 	The suspension was then irradiated 
through pyrex by an Applied Photophysics (125W) medium pressure 
mercury lamp for 24 h. 
The polymer was filtered off and the filtrate concentrated 
by removing the solvent on a rotary evaporator and then 
examined by 31 P n.m..r. which showed only one peak due to 
unreacted phosphine sulphide. 	Analysis of polymer after 
photolysis: 	(Found: C, 73.3; H, 5.81; N, 1.35%), 
ca 0.48 mequiv/g. 
(b) The polymer (0.50 g, ca 0.86 m equiv/g) was suspended in 
dichioromethane (5 ml.) and tri-2-anisylph.osphine sulphide 
(0.068 g, 0.18 mmol) added. 	The suspension was then. irradiated 
through quartz with an Applied Photophysics. (250W, Model 2015) 
medium pressure mercury lamp for 20 h. 	The polymer was 
filtered off and the filtrate concentrated by removing the 
solvent on a rotary evaporator. 
Examination of the residue by. 31 P n.m..r. showed only one 
peak due to unreacted phosphine sulphide. 6 (CDC1 3 ): +40.7 
p.p.m. 
S.2 Photolysis of 3-(4'- (D -benzoyloxymethyl)-6-methyl 
pyridazine N-Oxide in. the presence of Tri-p-anisyl-
phosphine Sulphide. 
The polymer (0.50 g, ca 0.6 mequiv/g) was suspended in 
dichloromethane (100 ml) and tri-2-anisylphosphine sulphide 
(0.137 g, 0.36 mmol) added. 	The suspension was then. irradiated 
through pyrex by an Applied Photophysi.cs (125W) medium pressure 
mercury lamp for 24 h. 	The polymer was filtered off and the 
filtrate concentrated. by removing the solvent on a rotary 
evaporator. 
Examination of the residue by 31 P n.m..r. showed two peaks 
6 (CDC1 3 ): +40.7, +28.6 p.p.m. due to unreacted phosphine 
sulphide and possibly the corresponding oxide. 	Further 
examination by h.p.l.c., using rn-terphenyl as an internal 
standard, confirmed this. identification by a comparison of 
retention times with those of authentic samples and gave the 
yield of oxide (0.0024 g, 1.7%). 
S.3 Photolysis of 3-(4 1 - 	 -phenethyl)pyridazine N-Oxide 
in the presence of Tri-p-anisylphosphine Sulphide. 
The polymer (0.5 g, 2.04 mequiv/g) was suspended in 
dichioromethane. (100. ml) and tri-2-anisylphosphine sulphide 
(0.137 g, 0.36 rnmol) added. 	The suspension was then 
irradiated through pyrex by an Applied Photophysics (125W) 
medium pressure mercury lamp for 12 h. The polymer was 
filtered off and the filtrate concentrated. by removing the 
solvent on a rotary evaporator. 	Examination of the residue 
by 31p n.m.r. showed two peaks 6 (CDC1 3 ): +40.8, +30.6 p.p.m. 
due to unreacted phosphine suiphide. and. tri--anisylphosphine 
oxide respectively. 	Further examination by h.p.l.c. using 
rn-terphenyl as an internal standard gave the. yields of 
unreacted sulphide (79%) and. oxide (0.001 g, 5%) 
T. 	Photolysis of. SeveraL Isoalloxazine 5-Oxides. 
Attempted Oxygen Atom Transfer to Thiophosphoryl 
Compounds 
General Method. 	A solution of an. isoalloxazine 5-oxide and 
the thiophosphoryl compound in either pyridine, acetic acid 
or deuteriochioroform (5 ml) was irradiated through quartz by 
an Applied Photophysics (100W) quartz-iodine.lamp for 24 h. 
After preliminary examination of the solution. by 31 P n.m.r. 
and t.l.c. for any products, the solvent was removed 
on a rotary evaporator and. the residue chromatographed on 
alumina. 
10-Butylisoalloxazine. 5-oxide 
A solution of 10-butylisoalloxazine. 5-oxide (0.05 g, 
0.17 rnmol) and triethyiphosphorothionate. (0.08 g, 0.4 rnmol) in 
a) pyridine, or b) acetic acid (5 ml) was irradiated as 
described previously. 
Examination of the. solution by t.1.c., in each. case, 
showed a fluorescent. yellow spot due. to the parent. isoalloxazine. 
Further examination of the solution by 31 P n.xn.r., however, 
showed only one peak.due to unreacted tr.iethylphosphorothionate. 
After removing the solvent on a rotary evaporator the 
residue was chromatographed on. alumina. 	Elution with ether/ 
methanol (9:1) gave a bright yellow solid ((a) 0.034 g, 
0.037 gJ which was identified. by t.l.c., m.s. and i.r., 
as 10-butylisoalloxazine [(a) 72%, (b) 78%]. 
(b) 10-Octylisoalloxazine 5-oxide 
A solution of 10-octylisoalloxazine 5-oxide (0.058 g, 
0.17 rnmol) and triphenyiphosphine sulphide (0.100 g, 0.34 nunol) 
in deuteriochioroform (5 ml) was irradiated as described 
previously. 
Examination of.. the solution by t.l.c. showed a fluorescent 
yellow spot due to the parent isoalloxazine. 
Further examination of the solution by 31 P n.m.r., however, 
showed only one peak due to triphenyiphosphine sulphide. 
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iLl Reaction of 2-Methyl-3-p-nitrophenyi Oxaziridine with 
Triaryiphosphine Sulphides 
General Method. 	A solution of the triarylphosphine sulphide 
(0.05 g) and a two-fold excess of 2-methyl.-3--nitrophenyl 
oxaziridine in deuteriochioroform (0.5 ml) wasplaced in an 
n.m.r. tube and heated at 40 °C in refluxing dichioromethane 
for 72 h. 
Examination of the reaction mixture by 'H n.m.r., and g.1.c. 
(3% OV-1, 150 0), using biphenyl as an internal standard, 
showed two products which were identified as -nitrobenzaldehyde 
and p-nitrobenzylidene.-ethylamine (imine) by comparison of 
their retention times and 'H n.m.r. shifts with those of 
authentic samples. 	The reaction mixture was further examined 
by 31 P n.m.r. and h.p.l.c., using rn-terphenyl as an internal 
standard, and this showed the corresponding phosphine oxide 
to be a product. 
Finally, the reaction mixtures were examined by t.1.c. 
(hexane/alumina), with development of the plates by a silver 
based chromogenic reagent, 222 and in each case, elemental 
sulphur was shown to be present.. 
The results are shown in Tables 25&26, p.200 including those 
when equivalent amounts of triaryiphosphine. suiphide and 
oxaziridine were used. 
In a control experiment a solution of -nitrobenzylidene-
ethylamine (0.04 g, 0.24 mmol) in dry deuteriochioroform (0.5 
ml) was heated at 40 °C for 72 h and examination of the solution 
by 'H n.m.r. showed no decomposition of the imine to E -nitro -
benzaldehyde. 
U.2 Reaction of 2-Ethyl-3-p-nitrophenyl oxaziridine with 
Tri-p-anisylphosphine Sulphide 
A solution of 2-ethyl-3--nitrophenyl oxaziridine (0.10 
g, 0.052 mmol) and tri--anisylphosphine sulphide (0.10 g, 
0.26 mmol) in deuteriochloroform (0.5 ml) was kept at 35 °C 
for 1 h and then at room temperature for. a further 14 h. 
Examination of the solution by 31 P n.m.r. showed two 
peaks 6 (CDC1 3 ): +40.7, +28.6 p.p.m.. due to unreacted phos-
phine sulphide and tri-2-anisylphosphine oxide respectively. 
The solution was then chromatographed on alumina (t.1.c.). 
Elution with petrol, 40:60./ether (3:7) gave the following 
fractions: 
A yellow, oily sQlid (0.005 g) identified by its mass 
spectrum as elemental sulphur, rn/e 256 (68%) , 224 (22) , 192 
(2), 160 (29), 128 (61), 96 (29), 64 (100), 32 (21). 
A yellow oil (0.042.g) identified by m.s. and 'H n.m.r. 
as unreacted oxaziridine (42%). 
C) 	A yellow oil (0.022 g) identified by 1 H and 31 P n.m.r. 
as unreacted phosphine sulphide (22%). 
d) 	A yellow oil (0.028 g) identified by 'H and 31 P n.m.r. 
as tri-2-anisylphosphine oxide (29%). 6 (CDC1 3 ): +29.0 p.p.m. 
U.3 Reaction of 2-thy1-3-p-nitropheny1 Oxaziridine with 
Triphenyiphosphine Sulphide 
A solution of 2-ethyl-3--nitrophenyl oxaziridine (0.066 
g, 0.34 inmol) and triphenylphosphine sulphide (0.050 g, 0.17 
rninol) in deuteriochloroform (0.5 ml) was put in an n.m.r. tube 
and heated at 40 °C in refluxing dichioromethane for 72 h. 
Examination of the reaction mixture by 31 P n.m.r. showed 
liz 
two. peaks ô (CDC1 3 ): +43.3, +29.2 p.p.m. due to unreacted 
phosphine sulphide and triphenyiphosphine oxide respectively. 
Further examination.by li.p.l..c.., using rn-terphenyl as an 
internal standard-gave the yields of sulphide.(47%) and oxide 
(0.025 g, 40%). 
The reaction mixture. was also examined by 'H. n.m.r. and 
gl.c. (3% OV-1, 1500)  using biphenyl as an internal standard 
and showed two products; 	-nitrobenzaldehyde (0.016 g, 31%), 
and 2-nitrobenzylidene-ethylamine (0.015 g, 24%) which were 
identified. by comparison of their retention times and 'H n.m.r. 
shifts with those of authentic samples. 
Examination, of the reaction. mixture. by t.. l.c. (hexane/ 
alumina) and development, of the plate with a silver based 
chromogenic reagent222 gave good evidence for the formation of 
sulphur. 
U.4 	Kinetics of the reaction between 2-Methyl-3-p-nitrophenyl 
Qxaziridine and Triaryiphosphine Sulphides 
The phosphine sulphide (0.13 mol ) and a molar equivalent 
amount of the oxaziridine. were dissolved, in deuter.iochioroform 
(0.5 ml) and a capillary of triethyl phosphate added as the 
internal standard. 	The solution was put in an n.m.r. tube 
and the reaction followed by a "Stacking" and "Analysis" program 
in the FX-60 probe at 40 °C. 	The spectral parameters were as 
follows: 
Spectral. Width :J. 
Window Parameter 










FIG.8 	Reaction of Tri--anisyiphosphine 3ulphide with 2-methyl-3-p--nitrophenyl 
.1-i t:1 1 
The initial spectrum was recorded at t=0 min and the time 
interval between the start of successive recordings was 32 
or 47 mm. 	The resultant. spectra for tri--anisylphosphine 
sulphide are shown in. Fig. 9. 	The results are also tabulated 
in Table 15. 
TABLE 15 
Peak areas (%) 
t/min Phosphate 	(x) Sulphide (y) 	z y' (mol ii) 1/y- 
0 4387 .6478 - 0.260 3.84 
30 5236 6484 1.194 0.218 	. 4.58 
60 5090 5888 1.160 0.204 4.90 
90 5161 5590 1.176 0.191 5.24 
120 5050 4157 1.151 0.145 6.89 
150 5155 4613 1.175 0.158 6.34 
180 5595 3186 1.275 0.100 9.96 
210 5651 3222 1.288 0.100 9.95 
240 5731 3121 1.306 0.0960 10.42 
270 5717 2848 1.303 0.0878 11.39 
300 5615 3308 1.280 0.104 9.62 
345 5863 3215 1.336 0.0967 10.34 
390 5799 2186 1.322 0.0665 15.04 
* 
435 5766 1721 1.314 0.0526 19.01 
480 5860 2821 1.336 0.0849 
* 
11.78 
525 5653 1695 1.289 0.0529 18.90 
570 5582 1646 1.272 0.0520 19.23 
615 5703 1467 1.300 0.0454 22.03 
660 5870 1771 1.338 0.0532 18.80 
705 5709 1545 1.301 0.0477 20.96 
z = 	x t m in y I= y/z 0.2604 
x 0 min 6478 
Initial concentration of sulphide 0.2604 mol 1 
* Values omitted from calculations 
MAf\L D 	+ 	I 	1J_kIRR. 40° 
FIG.9 Reaction of Tri---arLisy1phosphine sulphide with 2-methyl-3---nitropheny1 oxaziridine: 
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A plot of l/y' against t is a reasonable straight line 
(Fig. 8 ), indicating second order kinetics. 	This was 
the case with the other phosphine sulphides used.. Ignoring 
t=480 
the poin1 for 	mm., a least squares program gave the 
second order rate constant as 
k313 	(4.36±0.25) x 10 	Z mol 1 s 1 . 
The rate constants for all the triarylphosphine sulphides 
used are given in Table 16. 
Tri-2--substituted 
phenylphosphine sulphide 











(1.58±0.08) x 10 
V. 	Reaction of 2-Methyl-3--p-nitrophenyl oxaziridine with 
2-Phenyl-1 ,2-oxaphospholane-2-sulphide 
A solution of the oxaziridine (0.036 g, 0.2 rninol) and 
the thiono compound (0.040 g, 0.2 mmol) in deuteriochloroform 
(0.4 ml) was put in an n.rn.r. tube and heated at 40 °C in 
ref luxing dichioromethane for 92 h. 
The reaction was monitored by 31 P n.m.r. and a peak due 
to 2-phenyl-1 ,2-oxaphospholane-2-oxide (phostone), cS (CDC1 3 ): 
+57.6, was observed soon after the reaction had started. 
A much smaller product peak at +37.1 p.p.m. was not identified. 
At no point was a peak observed due to a possible intermediate 
in the reaction. 	The yields of the phostone (0.026.g, 69%) and 
unreacted thiono compound: (25%) were determined, by h.p.l.c. 
using rn-terphenyl as an internal standard. 
Examination of the reaction mixture by 'H n.m.r. and 
g.l.c. (3% OV-1, 150 °) using biphenyl as an internal standard 
showed two products, -nitrobenzaldehyde. and p-nitrobenzylidene-
ethylamine (0.021 g, 64%) which were identified by comparison 
of their retention times and. 'H n.m.r. shifts. with those of 
authentic samples.. 	Finally, the phostone was isolated by 
preparative t.l.c. on silica and its identification confirmed 
by m.s. , m/e 182 (M, 51%) , 141 (100) , 77 (51) and 'H n.m.r. 
which were identical to those of an authentic sample. 
W. 	Photolysis of 3-Methylpyridazine 2-Oxide in the presence 
of 2-Phenyl-1 ,2-oxaphospholane-2-sulphide. 
A solution of the N-oxide (0.028 g, 0.25 rnmol) and 2-
phenyl-1,2-oxaphospholane-2-sulphide (0.04 g, 0.2 mmol) in 
deuteriochioroform (0.5 ml) was placed in an n.m.r. tube and 
irradiated through pyrex by an Applied Photophysics (125W) 
medium pressure mercury lamp for 4 h. 
The reaction was monitored by 31 P n.m.r. and a peak was 
observed due to 2-phenyl-1 ,2-oxaphospholane-2-oxide, 6 (CDC1 3 ): 
+57.7 p.p.m. (phostone), soon after the reaction had started. 
At no point was a peak observed due to a possible intermediate 
in the reaction. 
The yield of 3-methylpyridazine (0.0076 g, 32%) was 
determined by g.l.c. (10% CAR. 20M +2% KOH, 1500) using 
biphenyl as an internal standard. 
The yields of phostone (0.012 g, 33%) and unreacted 
2-thiono compound (0.020 g,. 50%) were determined by h.p.l.c. 
using rn-terphenyl. as an.internal. standard. 
X.1 Reaction of 2-Methyl-3-p-nitrophenyl oxaziridine with 
(S)P-Menthyl Me thy lphenylphosphinothioate and investigation 
of the Stereochemistry 
A solution of the oxaziridine (0.06 g, 0.33 mmol) and 
the phosphinothioate. (0.07 g, 0.23 mmol) in deuteriochloroform 
(0.4 ml) was put in an n.m.r. tube. and heated at 40 °C in 
ref luxing dichioromethane for 92 h. 
The solution was then-.examined by 31 P n.m.r. and this 
showed two peaks 6(CDC1 3 ): +83.8 (12%), +39.7 (88%) p.p.m. 
due to unreacted phosphinothioate and the corresponding 
phosphinate respectively. 
The stereocheinical course of the reaction could be 
conveniently determined from the P-methyl signals in the 'H 
n.m.r. spectrum of the solution. 65  (Fig. 5 ). 	There was 
complete retention (>95%) of configuration at phosphorus with 
only (R)P-Menthyl methylphenylphosphinate being observed. 
H (CDC1 3 ): 1.65 (3H, d, JPH=l4Hz,  P-CH3 ). 	In addition there 
were three C-methyl doublets in the region 0.70-1.056. 
There was no evidence for the (S)P-phosphinate which 
would exhibit a doublet for the P-methyl group at a higher 
chemical shift (1.706) and in addition a doublet at 0.315 due 
to one of the C-methyl groups of the isopropyl unit. 	(Fig.7 
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X.2 Photolysis.of 3-Methylpyridazine--2-oxide in the presence 
of (S)? .-Menthyl Methylphenylphosphinothioate and 
investigation of the Stereochemistry. 
A solution of the N-oxide (0.08 g, 0.73 rnmol) and the 
phosphinothioate. (0.05 g,. 0.16 rnmol) in deuteriochloroform 
(0.4 ml) was put in an n..m.r. tube and irradiated through 
pyrex by an Applied Photophysics (125W) medium. pressure mercury 
lamp for 10 h. 
Examination of the solution by 31 P n.m.r. showed two 
peaks 6 (CDC1 3 ): +83.9, +39.9 p.p.m., of about equal area, 
due to unreacted phosphinothioate and the corresponding 
phosphinate respectively.. Examination of. the solution by 
t.1.c. showed evidence of 3-methylpyridazine and unreacted 
N-oxide as well as the phosphinothioate and phosphinate. 
The solution was then subjected to preparative t.l.c. on 
alumina. 	Elution with petrol, 40:60/ether (1:4) gave a 
yellow oil (0.018 g) which was identified as. men.thyl methyl-
phenylphosphinate (38%) by t.l..c. and 3 P n.m.r.; 6 (CDC1 3 ): 
+38.9 p.p.m. 	The 'H n.m.r. spectrum (Fig. 6 ) of the product 
compared well with that from the reaction of the phosphino 
thioate with 2.-methyl-3-2-nitrophenylox.aziridine. (Fig. 5 ). 
The P-methyl signal in the spectrum; 6H(CDC13): 1.65 (3H, 
d, JPH=l4Hz,  P-CH 3 ) indicated that the product phosphinate was 
in the (R)P form and the reaction had proceeded. with retention 
(ca 90%) of configuration at phosphorus. 
Y.1 Reaction of (-)-(S)--Methylphenyl-n-propylphosphine 
Sulphide with 2-Methyl-3-p-nitrophenyl Oxaziridine 
A solution of the phosphine sulphide (0.20 g, 1 rnznol, 
[cL] 	-15.7 ° ) and oxaziridine (0.27 g, 1.5. rnmol) in dichioro- 
methane (20 ml) was heated under ref lux for 72 h. 	Monitoring 
of the reaction mixture by t.1.c. showed no further reaction. 
The solvent was then removed on a rotary evaporator and the 
residue chromatographed on alumina. 
Elution with petrol, 40:60/ether (1:1) gave a yellow 
solid (0.15 g) which- was shown. by 'H n.m.r. to be a mixture 
of E-nitrobenz'aldehyde, -nitrobenzy1idene-methylamine and a 
trace of unreacted phosph.ine.sulphide. 
Elution with ether gave a. yellow oil (0.18 g) which was 
shown by 'H n..m..r. to be a mixture of methylphenyl-n-propyl-
phosphine oxide and unreacted oxaziridine. The oil was then 
subjected to preparative.t.l..c. on alumina. 	Elution with 
ether gave (-)-(S)-methylphenyl--propylphosphine oxide as a 
yellow oil (0.075 g, 41%). 6H(CDC13): 0.98 (3H, t, broad, 
CH 3 ) , 1.45-2.12. (4H, m, CH 2 ) , 1.68 (3H, d, JPH=l3Hz,  P-CH 3 ) , 
7.35-7.84 (5H, m, Phil). 	5 	(CDC-1 3 	
+37.2 p.p.m. 	[a] 23 -12.8° 
(C, 1. 05, methanol). 
Y.2 Photolysis of 3-Methylpyridazine-2-oxide in the presence 
of (-) - (S) -Methylphenyl-n-propylphosphine Sulphide 
A solution of the N-oxide (0.28 g, 2.3 rnmol) and phosphine 
sulphide (0.20 g, 1 mmol, [a] 3 -15.7 ° ) in dichioromethane 
(100 ml) was irradiated through pyrex by an Applied Photophysics 
(125W) medium pressure mercury lamp for 5 h. 
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Examination of the solution by t.l.c. showed the presence 
of the corresponding phosphine oxide and. 3-methylpyridazine as 
products. 	The solvent was then. removed on a rotary evaporator 
and the residue chromatographed. on alumina. 
Elution with petrol, 40:60/ether (3:2) gave;& pale yellow 
solid (0.11 g) which was identified. by 'H and 31 P n..m.r. as 
unreacted phosphine sulphide (55%). 6 (CDC1 3 ): +39.1 p.p.m. 
Further elution gave.a yellow oil (0.075 g) which was 
shown to be 3-methylpyridazine (32%). by 'H. n.m.r. 
Elution with ether gave a yellow oily solid. (0.066 g) 
which was identified as. inethylphenyl-n-propylphosphine oxide 
(36%) by t.l.c., 'H and. 31 P n.m.r.., 5H(CDC13): 	0.99 (3H, t, 
CH 3 ) , 1.43-2.12 (4H, m, CH 2 ) , 1.68 (3H, d, JPH=l3Hz, P-CH 3 ) , 
7.30-7.83 (5H, m, PhH); 	d(CDCl3 ): +37.0 p.p.m.; 	[a13 -6.1 ° 
(c., 1. 50, methanol). 
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DISCUSSION 
A. 	Oxidations with Chromyl Acetate and Measurement 
of the NIH Shift 
A.l 	Introduction 
In searching for new oxenoid reagents Hamilton 69 
suggests the potential usefulness of X=O type oxygen-con-
taming compounds as oxenoids, where a zwitterionic form 
(-ö) contributes and, for which the form of X is relatively 
stable before and after reaction, making a mono-oxygenation 
of the type shown in Scheme 35 exothermic. 
+ 	- 
X =0 *—* X 0 
C ---* SO + X 
S : Substrate 
Scheme 35 
There are many possibilities for this type of oxidant but 
of those tried, sulphoxides, sulphones, arsine oxides give 
no oxygen transfer at elevated temperatures. 69 	However, 
several oxenoid reagents have been developed including 
chromyl acetate 62 , iodosobenzene24 , carbonyl oxides 73  and 
the transfer of oxygen from heterocyclic N-oxides effected 
photochemically 78 . 
Sharpless and Flood 82 note the striking similarity 
between reations catalysed by mono-oxygenases and those 
effected by oxotransition metal compounds of chromium(VI) 
and manganese(VI). 	The most characteristic roles of mono- 
oxygenases are sterospecific hydroxylation of aliphatic 
hydrocarbons and epoxidation of olefinic and aromatic 
substrates. 	Permanganate and chromyl species have long 
been known to hydroxylate hydrocarbons containing an 
asymmetric carbon to give tertiary alcohols.with retention 
of configuration at the carbon atom and in addition., chromyl 
acetate epoxidises olefins with retention of the olefinic 
geometry. 	After Sharpless. and Flood 
82  demonstr ated the 
ability of chromyl oxidants to hydroxylate. aromatics with NIH 
shift they became the first non-enzymic oxidants to mimic 
mono-oxygenases in all important respects. . Both the 
experimentally observed NIH shift in chromate oxidations 
of aromatic nuclei and theoretical calculations on orbital 
populations in the chromate ion 
235  have been adduced as evidence 
for a similarity between the oxygen transfer in Cr(VI) 
oxidations and in oxygenations catalysed by cytochrome 
P-450. 
A.2 Oxidation of Thiophosphoryi. Compounds 
Because of the similarities between-chromium(VI) 
oxidations and those carried out by mono-oxygenase enzymes, 
the chemical system, chromyl acetate in carbon. tetrachioride, 
was investigated as a possible model for the metabolic con-
version of phosphorothionate into phosphate. 
Excess chromyl acetate in carbon tetrachloride, under 
nitrogen, converted triethyl- and triphenyiphosphorothionate 
into the corresponding phosphates. 	Similarly, triphenyl- 
and tri--chlorophenylphosphine sulphides are converted 
into the corresponding phosphine oxides. 	These conversions 
were clean, quantitative and virtually instantaneous at 0 °C 
as shown by 31 P n.rn.r. 
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A.3 Oxidation of Aromatic Compounds 
Sharple.ss and Flood 82 reported an NIH shift on treat-
ment of 1-tritionaphthalene with chromyl acetate. The 
product obtained was, in fact, 1,4-naphthaquinone, apparently 
derived by further oxidation of 1-naphthol., the. initial 
hydroxylation product. 	Of the tritium retained in the 
product, 26-31% had. shifted.to the 2-position. 
It was not sufficient from this isolated report of an 
NIH shift to make a reasonable judgement of chromyl acetate 
as a model for hepatic hydroxylation, thus we sought to 
extend the data on this reagent by a study of its action on 
some substituted benzenes for which NIH shift. data using 
microsomes had previously been reported. 
A.3.1 Ethers and biphenyl 
In agreement with Sharpless and Flood 82 , we also found 
that the reaction was complicated by the tendency for the 
initial products to. become further oxidised; Scheme 36. 
OR 	 - 
Cr0 2(OAc)2 
yLD(H) 
D 	 OH 	 0 
R: Me, Ph, PhCH 2 
Scheme 36 
Indeed, only in the case of the reaction of chromyl acetate 
with biphenyl was the simple hydroxylation product, 4-hydroxy-- 
iE] 
biphenyl, observed and then only in trace (<1%) amount. 
Even here there was substantial uncontrolled oxidation 
leading to benzoic acid. (11%), similar to the. known reaction 
of biphenyl with chromium trioxide 
161 , and intractable tars 
(Scheme 37) 	
COOH 
0-0 + Cr02(OAc)2 
0--aOH 
Scheme 37 
Treatment of [4- 2Hlbiphenyl with the chromium reagent gave 
4-hydroxybiphenyl with a. deuterium retention of 52% indicative 
of only 2% NIH shift. 	This result takes into account the 
possibility that hydroxylation of the. phenyl ring which 
does not contain the deuterium atom would. also result in 
retention of the label in the product. 
[4- 2 H]Anisole, on reaction with chromyl. acetate gave no 
hydroxyanisoles, the only identifiable product being E 
benzoquinone (5%) with a deuterium content indicating 20% 
NIH shift. 
With regard to the origin of the quinones (Scheme 36) 
there appears to be three possibilities for their formation, 
one of which could account for the low NIH shifts observed. 
Firstly, the quinones may be formed. via 0-dealkylation 
reactions and involve intermediates of the type (56) by 
analogy with the oxidation of hydroquinones with lead tetra- 







O=( 	0 +- ROAc +- Cr0 2 
Alternatively a mechanism. can be proposed which involves 




 RÔ= Cr\ 
HOAc + Cr09+ O O* 0Z(3AO 'C r(QAc)OR 
+ ROAc 
Scheme 39 
Considerable quantities of chromium dioxide, a very dark 
brown precipitate, were present in all, the reaction mixtures. 
However, the possibility that 0-dealkylation of the 
ether function to phenol precedes hydroxylation-by chromyl 
acetate cannot be ruled out.. The resultant hydroquinone 
would then be similarly oxidised to -benzoquinone. 	As 
evidence in this respect., phenol was an identified product 
in the reaction of both diphenyl ether and benzyl phenyl 
ether with chromyl acetate and indeed was shown to be con-
verted into -benzoquinone (11%) when treated under our 
reaction conditions. 	The realisation of this possibility 
could explain the low NIH shift data observed for chromyl 
acetate compared to that for microsomes 53 (Table 17). 
(4..2111 Substrate 	 %Q migration and retention in 
oxidised product 
microsomes Chromyl. Acetate. in CC1, 4 
An iso le 	 60 	 20 
Diphenyl ether 	 55 	 5 
Biphenyl 
	
64 	 2 
Benzylphenyl ether 	 - 	 0 
Table 17 
The phenol produced from the reaction of benzy]. [4- 2 H]phenyl 
ether with the chromium. reagent had a deuterium. retention of 
95%, however the resultant. -benzoquinone showed no deuterium 
incorporation indicating zero NIH shift. 	As explained in 
detail in the introduction aromatic substrates with an 
ionisable proton such as phenol give rise to low NIH shifts 
on hydroxylation for the reason outlined in Scheme 40. The 
last step involving rearomatisation necessitates the loss of 
the deuterium label and hence would lead to low NIH shift. 
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Therefore the NIH shift data for the reaction of the 
chromium reagent with ethers can easily be explained if 
the reaction goes through a phenol. 	Scheme 41 illustrates 





-: CrOz (OAc)jb 
a 
CH 2 —O OH  I 
O 	 OH 






If the oxidation of the ether to the quinone proceeds by 
path a, then there is an opportunity for the deuterium label 
to be lost and hence the observation of no retention in the 
product quinone can be accounted for. 	The identification 
of benzaldehyde as a product is further evidence for the 
0-dealkylation step of path a. 	This reaction is not without 
precedent as the reaction of bibenzyl with chrornyl chloride 
also gives rise to benzaldehyde 236 . 
A similar explanation to that above can be put forward 
to explain the low NIH shift observed for diphenyl ether. 
A.3.2 [4- 2 H]Chlorobenzene and 4-chiorophenol 
[4- 2 H]Chlorobenzene on treatment with chromyl acetate 
at 60 °C gave no chiorophenols but trace amounts of 2- and 4-
chiorophenylacetates were detected by g.l.c./m.s. 	The 
2-isomer, as expected, retained all of its deuterium, whereas 
the 4-isomer had 24% deuterium retention. 	It was established 
that the chlorophenylacetates were not formed by acetylation 
of first formed chlorophenols since treatment of 4-chioro-
phenol under our reaction conditions gave no chiorophenyl-
acetates, the only identifiable products being -benzoquinone 
and chloroquinone. 	The chlorophenylacetates are presumably, 
therefore, formed directly by acetoxylation of the benzene 
ring by chromyl acetate, a reaction which interestingly appears 
to go with NIH shift. 	The observation that chlorobenzene only 
undergoes reaction with chromyl acetate at raised temperatures 
illustrates the electrophilic nature of the reagent. 
It is known that chloride has a strong tendency for 
283 1,2 migration in biological aromatic hydroxylations. 
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The reactions of chromyl acetate with 4-chiorophenol and 
chlorobenzene effected.a similar result to the biological 







Oxidation at the position of chloro-substitution of the 
benzene ring caused migration of the chloro-substituent. 
This is in agreement with a result of Sharpless and Flood 82 
who observed a similar migration in the oxidation of 4-
chloro-1-methoxynaphthalene with chromyl acetate and adduced 
this as evidence for the similarity between. chromyl acetate 
and cytochrome P-450 oxidations. However, the situation is 
not as simple as it first appears since in all the reactions 
studied so far it is not possible to distinguish between 1,2 
and 1,3 migration of the chlorine atom on hydroxylation by 
examination of the products alone. 	This is important in 
view of the results of Harrod and Pathak 237 who recently 
studied the reaction of various halophenols with chromyl 
chloride (CrO 2C12 ) and discovered that this system induces 
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1,3 rather than 1,2 halogen shifts. 	Since biological oxidation 
is characterised by its ability to induce 1,2 halogen migration, 
Harrod and Pathak 237 suggested that chromyl chloride is not a 
good model for mono-oxygenases. 	For this reason the migration 
of a halogen atom during hydroxylation. with chromyl acetate 
cannot be taken as evidence for the validity of the chemical 
system as a model for the enzyme until such time as 1,2 
migration of the chloro-substituent has been conclusively 
demonstrated.with this reagent. 
A.3.3 Acetanilide 
Acetanilide, on reaction with chromyl acetate, underwent 
a rapid reaction to produce much intractable material. 	No 
products indicative of hydroxylation were detected. 	The 
only product produced in a yield sufficient for it to be 
identified was nitrobenzene (17%), a perhaps not too unexpected 
product from the oxidation of acetanilide. 	This product 
would of course be very resistant to further oxidation 
because of the electrophilic nature of the chromium reagent. 
This result highlights the inadequacies of chromyl acetate 
as a model system because microsomal hydroxylation of acet- 
anilide in vivo gives 2- and 4-hydroxyacetanilide as products 
as well as a trace amount of aniline 53 . 
.4 Summary 
As a model for the mono-oxygenase enzymes, chromyl 
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acetate possesses many advantages over systems involving 
aqueous solutions of metal ions and hydrogen donors which 
had been developed earlier. 	It was the first chemical 
system to mimic the enzymes in all important respects and 
as such, on a historical basis, was worthy of study as a 
model for the metabolic, activation of phosphorothionate 
pesticides. 	It transpired, however, that chromyl acetate 
was of limited use as. a. model. for hepatic hydroxylation of 
aromatic systems because of the added complication which 
involved either oxidation of.. side. chains or further oxidation 
of any first formed. hydroxylation products. 	These practical 
difficulties with the. model. system made reactions rather 
inconvenient as a source of.easily interpretable mechanistic 
information. 	In contrast, however, the ease and cleanliness 
of the reactions of chromyl.acetate with phosphorothionates 
and phosphine sulphides means that. the reagent may provide 
a suitable model for the biochemical conversions of the 
phosphorothionate pesticides. 
A.5 Mechanism for the Oxidation of Thiophosphoryl Compounds 
Scheme  43 shows a possible mechanism. for the oxidation 
of thiophosphoryl compounds with chromyl acetate. 
On this mechanistic picture chromyl acetate is acting as an 
electrophilic oxidant, transferring oxygen to the nucleo-
philic sulphur. 	This is an analogous mechanism to that 
proposed for the periodate oxidation of both sulphides (to 
suiphoxides) and iodide ions 236 . 	Alternatively, a five 
I .1 I 
R 3 P=S'O=CrO(OAc) 2 —* R 3P—S 
;7-  Cr(OAc)2 
+ 0.. 
'R 3 P=O + S 
I- 	Sk) 
R 3  P 
— 
+ *—. R 3 P—S 
Scheme 43 
membered ring intermediate (57) could be invoked similar 
to that proposed in the reactions of phosphorus ylides with 






There is very little mechanistic evidence in this area but one 
interesting feature is that Wiberg and Lepse 239 have 
indicated that the common mechanisms normally described 
for chromic acid cannot apply. 	Using chromyl acetate the 
oxidation of diphenyl sulphide is very fast, considerably 
faster than the oxidation of aldehydes or hydrocarbons. 
Wiberg 236 has suggested that an electron transfer from the 
sulphide to chromium(VI) may occur, followed by attack of 
the sulphur radical on the Cr=O bond of the oxidant. When 
the oxidant was labelled with oxygen-18 at. the Cr=O group, 
complete oxygen transfer to the substrate.. was observed. 
Furthermore, oxygenation of alkyl sulphides with a highly 
purified cytochrome 2-450 gave kinetic evidence for one- 
240 
electron transfer mechanism 	. 	Since the oxenoid" inter- 
mediate should be highly electron deficient, S-oxygenation 
is expected to be initiated., by an. electron. transfer from 
divalent sulphur atoms to an. "oxenoid" species generating 
a sulphenium cation. radical. 
The relationship of the model system to the biological 
mechanism has been the. subject of much discussion and the 
possibility that the active, intermediate in cytochrome 
P-450 is a "ferryl" (Fe=O) species in which atomic oxygen 
is formally bound to ferric iron has been considered. Both 
chemical evidence 
82  and theoretical calculations 
235 have 
been put forward to support the claim that. oxometal. complexes 
such as chromyl acetate can mirnic important characteristics 
of oxidase activity, in. particular the proton NIH shift. 
Although the observations of Sharpless and Flood 
82 have 
received little attention,. more recent work in several. areas 
has again suggested the possibility of an active oxidant in 
cytochrome P-450 which has properties similar to these 
 reagents 241,242. 	On the other hand y one of the presumable 
objections to the chromium and manganese complexes as models 
for the enzyme may be the radical nature of some of their 
reactions. 
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B. 	Photolysis of Various. Heterocyclic N-Oxides in the 
Presence of Thiophosphoryl Compounds. 
B.l Pyridine N-Oxide 
As indicated in the. introduction pyridine N-oxide 
phbtolysis is of great value, as a. mechanistic. model for 
enzymic oxidation. 	The aim of the present work was to 
investigate further the usefulness of- this and closely 
related systems as models .for the metabolic activation of 
phosphorothionate pesticides with a. view to elucidating 
fully the mechanism of the reaction. 
The first objective was to obtain, a system .which would 
transfer oxygen to our model substrates. containing the 
thiophosphoryl (P=S) group. 	The most widely studied oxygen 
source for the photochemical hydroxylation of aromatics is 
pyridine N-oxide 78 ' 95 so this was recognised as a good 
starting point for our work. 
A solution of pyridine. N-oxide in dichloromethane was 
irradiated at its main UV wavelength of absorption (254 nm) 
in the presence of triethyl-, or triphenylphosphorothionate. 
Only in the case of triethyiphosphorothionate was any oxygen 
transfer product (triethyl phosphate) observed by 31 P n.m.r. 
and even then in trace amount (ca.l%). 	Using the alternative 
substrates, triphenyl- or tri-2-chlorophenylphosphine 
sulphide, resulted in. no improvement, with 31 P n.m.r. failing 
to show even trace amounts of oxygen transfer product. 
Considerable quantities of a brown polymer were formed 
which inevitably diminished the amount of light entering 
the photochemical reactor resulting in some N-oxide remaining. 
Despite changing light sources and. concentrations (all of 
which were capable of the original benzene to. phenol con-
version 95 ) no improvement in the yield of phosphoryl product 
was observed. 	Investigati.ons. by other authors indicate 
that the brown polymer is polyacrylonitrile, on the basis 
of an i.r. band at 2200 am- 1  and the results of various 
trapping experiments. 243 
It appeared that in. our experiments photochemically 
excited pyridine N-oxide was decomposing by unimolecular 
rearrangements 282 and polymer formation rather than by 
deoxygenation which might result in oxygen. transfer to the 






	+ 	 polymer 
Scheme 44 
Indeed an investigation of. the reaction mixture for deoxy-
genated base by g.l.c. showed that, depending on the 
photolysis conditions which were employed, pyridine was only 
present in 1-4% yield based on the starting N-oxide. 	This 
would confirm that deoxygenation on photolysis is a very 
minor pathway in Scheme 44. 	The only report of moderate 
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yields of product from this pathway is that by Streith 
et al. 	when irradiating a solution of.pyridine N-oxide 
in benzene. 	The substrate in this case was the solvent 
and phenol was formed.. in 15% yield by an oxygen. atom transfer 
reaction, but subsequent.. attempts to repeat. this. reaction. have 
failed 185  and indeed, in other solvents pyridine has not been 
detected243 . 	When isolating 1.,2-naphthalene-oxide (14) 
from the photochemical.. reaction of pyridine N-oxide with 
naphthalene the combined solutions of ten irradiations were 
needed to yield l' of product 78 
In our case we considered. that it would be necessary 
to improve both. the yield of deoxygenated base and phosphoryl 
compound in order to obtain a satisfactory working model. 
This could be done by either maximising the deoxygenation 
pathway (Scheme 44) or suppressing the alternative pathway 
which leads to rearrangement. products. 	As mentioned in 
the introduction many of the products which. arise from the 
photolysis of heterocyclic N-oxides have been suggested to 
derive mainly from the rearrangement of a photochemically 
produced oxaziridine. 	Sammes et .l.185  recognised the 
possibility of using a Lewis acid, boron trifluoride to 
bind, the nucleophilic oxygen and thus inhibit the undesired 
rearrangement to the oxaziridine and its congeners. 	It 
is also possible that. 3F 3 coordination could lower the N-O 
bond energy leading to easier photolytic cleavage 185 . 
Thus, using these methodoligies, an attempt was made to 
transfer oxygen to triethyiphosphorothionate when irradiating 
the pyridine N-oxide: BF  adduct in the presence of the 
substrate. 	Although the reaction was much cleaner than 
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before, the required product, triethyiphosphate, was again 
only present in trace amount (ca.1%) . 	Furthermore, the 
yield of pyridine (0.8%) , the product from the deoxygenation 
pathway (Scheme 44), was still extremely low. 
Since this attempt failed to give the required increase 
in oxygen transfer, the alternative strategy of trying to 
maximise the deoxygenation pathway in Schema 44 was pursued. 
B.2 Substituentsirt the N-Oxide and their Effect on Oyxgen 
Transfer 
From the literature it was deduced that there were two 
possibilities to achieve the above objective; firstly, the 
use of 3-methylpyridazine 2-oxide instead of pyridine N-oxide 
because this N-oxide had been shown to hydroxylate aliphatic 
and aromatic compounds on photolysis even when the substrate 
was in dilute solution 106 ; secondly, the use of 2-cyanopyridine 
N-oxide instead of pyridine N-oxide because when this N-oxide is 
photolysed in benzene or rn-xylene the main reaction is oxygen 
transfer to the solvent resulting in good yields of phenol and 
2, 4-dimethyiphenol respectively 85 . 
B.2.1 3-Methylpyridazine 2-Oxide 
On the above basis, 3-methylpyridazine 2-oxide was 
synthesised and photolysed in the presence of model thio-
phosphoryl substrates in the hope that a greater yield of 
oxygenated product would be obtained and hence a more 
satisfactory model system. 	This time, our expectations 
were realised when it was observed for all the cases in 
Tables 18 and 19 that a 30-45% (by g.l.c.) conversion of the 
N-oxide directly into 3-methylpyridazine occurred and that 
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substantial yields of phosphine oxides from the triaryl-
phosphine sulphides- and phosphates from phosphorothionates 
were produced as shown (Scheme 45). 	The reaction mixtures 
were considerably cleaner and it appears that rearrangement 
reactions and polymer formation now associated. with. pyridine 
CH3_) + R 3 P=S 	 CH3_-) + R 3 P=O CH 2Cl 2 
N-N 	 N-N 
0 
Scheme 45 
N-oxide were less prevalant with 3-methylpyridazine-2-oxide. 
Furthermore, when 3-methylpyridazine 2-oxide was photolysed 
in the presence of triphenyiphosphine rather than a thio-
phosphoryl substrate there was a marked enhancement in the 
yield of phosphine oxide and, in agreement with the con-
clusions of Kaneko et al. 120  the most reasonable explanation 
for this would be that the phosphine abstracts the oxygen 
atom from the precursor of the photorearrangement products, 
so that the latter are depressed to a small amount. 	In 
this particular case the deoxygenation pathway of Scheme 44 
has been maximised while also inhibiting the alternative 
rearrangement reactions. 	This resulted, in one instance, 
in complete conversion of the phosphine into phosphine oxide 
as evidenced by 31 P n.m.r. 
Table 18 Photolysis of 3-Methylpyridazine-2-oxide in the presence of Triaryiphosphine Sulphides 
Phosphine Sulphide (mmol) 	Yield 	 Unreacted Phosphine 	Yield of Phosphine 
R 	
methyipyridazine (%)a 	Sulphide (%)b 	 Oxide (%)b 





















a. by g.l.c. 
45 51 10% 
35 67 31% 
43 82 9% 
35 55 38% 
- 80 43% 
45 53 7% 
- 83 21% 
35 62 29% 
34 0 62% 
38 64 12% 
30 58 35% 
41 43 18% 
35 55 33% 
- - 19% C 






Photolysis of 3-Methylpyridazine N-Oxides in the presence 
of Phosphorothionates 
Phosphorothionate N-Oxide Yield of 3-methyl- Yield of 
pyridazine 	(%) a Phosphate % b,c  
(MeO) 3P=S 2-oxide 43 27% 
1-oxide 5 20% 
(EtO) 3P=S 2-oxide 38 22% 
1-oxide 7 16% 
(PhO) 3P=S 2-oxide 43 32% 
1-oxide 8 19% 
a. by g.l.c. 	 b. by 31 P n.m.r. 
c. Note 2M excess phosphorothionate 
B.2.2 2-Cyanopyridine N-Oxide 
When 2-cyanopyridine N-oxide was irradiated in the 
presence of triarylphosphine sulphides deoxygenation of the 
N-oxide was a major decomposition pathway resulting in 
considerable yields of 2-cyanopyridine (33-37%) and oxygen 
transfer (27-40%) to the substrates (Scheme 46). 
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This represents the first demonstration of oxygen transfer 
from 2-cyanopyridine. N-oxide. to a substrate in dilute 
solution and shows a substantial. improvement in the yield 
of product compared to many other pyridine N-oxides. 
B.2.3 Discussion of Substituent Effect 
It remained to explain why these two particular N-
oxides showed preference.for decomposition by the oxygen 
transfer pathway rather. than. rearrangement. reactions and 
polymer formation. 	Scheme 47 shows a possible mechanism 
for the formation of "oxene". (an oxygen atom with six paired 
electrons) on photolysis of a pyridine N-oxide. 	This 
species has been postulated as mediating in oxygen transfer 
reactions to various substrates.. 	The transitory formation 
of a radical centre at.. the 2-position is. of interest. 
roi 
(58) 
Oxene 	N 	 Nj 
L:0? 
Scheme 47 
It is well known that a-cyanoalkyl radicals are appreciably 
244,245 
stabilised by electron delôcalisation 	(Scheme 48). 
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R 2C—C=N 	4—* R 2 C=C=N 
Scheme 48 
Stabilisation of the intermediate (58) by a cyanb 
substituent in the 2-position of the pyridine ring could 
well result in an increase in deoxygenation compared to 
unsubstituted. pyridine N-oxide. 	If this is the correct 
explanation, 4-cyanopyridine N-oxide should exhibit a 
similar increase in deoxygenation on photolysis. 	However, 
when 4-cyanopyridine N-oxide is irradiated in. the presence 
of triaryiphosphine sulphides, a lower yield of phosphine 
oxide is obtained (Table 20) compared to the reaction when 
using 2-cyanopyridine N-oxide. (Table 20). 
Table 20 
Photolysis of 4-cyanopyridine N-oxide in the presence of 
Triarylphosph.ine Sulphides 
Phosphine sulphide 










Yield of Phosphate 
(%) b 
15%    
lAo 
12% 
a. by g.l.c. 	 b. by h.p.l.c. 
This could be due to increased polymer formation as sub-
stituents in the 2-position are known to inhibit the ring 
opening reaction of pyridine N-oxides to give isocyanides 
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(59) which, after a fast isomerisation to the corresponding 







In all cases the reaction mixtures 
involving 2-cyanopyridine N-oxide were cleaner than those 
of the 4-isomer. 
The presence of a. cyano. group next to the N-oxide may 
also prevent any undesirable carbonium ion rearrangements 
leading to pyridone derivatives (Scheme 44) .due to their 
high affinity for electrons and. thus the high energy 
requirement of the transition state 104 . 	This can be con- 
trasted with a case inwhich an electron donating substituent 
is present in the 2-position e.g. 2-methylpyridine N-oxide 
for which apyridone is one of the rearrangement products 
known to form on photolysis 101 . 
Turning to 3-methylpyridazine 2-oxide, the substituents 
next to the N-oxide function again seem to contribute to the 
increase in deoxygenation and hence oxygen transfer on 
photolysis. 	It was noticeable that polymer formation was 
considerably reduced compared to photolysis reactions involving 
pyridine N-oxide. 	In the pyridine N-oxide series, substituents 
adjacent to the N-oxide inhibit the formation of polymer, and 
so the same principles may be applicable in the photolysis of 
pyridaz-ine N-oxides. 
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If indeed transitory radicals are intermediates on 
the deoxygenation pathway (Scheme 47) then the methyl 
substituent in 3-methylpyridazine 2-oxide or the nitrogen 
atom next. to the N-oxide may help to stabilise them (Scheme 
49) 244 
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In fact the function of the nitrogen atom next to the N-
oxide function is not too dissimilar from that of the cyano 
substituent in 2-cyanopyridine N-oxide in respect of 
stabilisation of a radical by electron delocalisation. 
To illustrate the importance of the methyl substituent 
adjacent to the N-oxide being responsible for the increased 
deoxygenation, the photolysis of the other isomer, 3-




thionates led to considerably less deoxygenated base 
(Table 19) and probably afforded higher yields of rearrange-
ment products, however, rather surprisingly,, the yield of 
oxygen transfer products were not lowered by the corresponding 
amount. 	This could. mean that.the oxygen transfer species 
in this case does not, lead to 3-methylpyridazine on 
decomposition. 	Some very recent work by ogawa et al. 
 97 
shows a similar reduction in photochemical deoxygenation 
when using 3-vareloyloxymethylpyridazine 1-oxide as opposed 
to the 2-oxide. 
In a similar fashion., reactions involving .3-methylpyridazinE 
2-oxide can be compared to the unsubstituted form, pyridazine 
N-oxide. 	By removing the substituent, lower yields of the 
deoxygenated base (29-30%) were obtained on photolysis of 
pyridazine N-oxide (Table 21). 
Table 21 






.L . 0 
Phosphoro thionate 
(MeO) 3 P=S 
2,5 mmol 
(EtO) 3 P=S 
(PhO) 3 P=S 






b. by 31 P n.m.r. 
1 4% 
12% 
This again emphasises the effect which a methyl substituent 
can exert during the photolysis of a heterocyclic N-oxide, 
increasing the relative importance of the deoxygenation 
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pathway and possibly preventing some of the undesired 
rearrangements and polymer formation. 	Hence, as expected, 
when 3,6-dimethylpyridazine. N-oxide was photolysed in the 
presence of triarylphosphine.sulphides.very similar results 
to those with 3-methylpyridazine 2-oxide were obtained 
(Table 22). 	Both compounds contain the same structural 
fragment shown in (61.) and this. result lends evidence to 
the theory that one of.the.principal reasons for increased 
deoxygenation and oxygen transfer is due to the arrangement 
of atoms next. to the N-oxide. 
Table 22 
Photolysis of 3,6-Dixuethylpyridazine N-Oxide in the presence 
of Triarylphosphine Sulphides 
Phosphine Sulphide Yield of 3,6- Unreacted Yield of 
dimethyl- Phosphine Phosphine  P=S 
pyridazine Sulphide Oxide 
- 3 (%) a (%) b % b 
R = MeO 41 63 38% 
H 42 71 31% 
Cl 38 60 26% 
a. by g.l.c. 	 b. by h.p.l.c. 
In conclusion, by the choice of certain N-oxides with 
specific substituents or structural fragments next to the 
N-O bond the deoxygenation pathway shown in Scheme 44 can 
contribute more to the overall decomposition of the starting 
material, and consequently the alternative rearrangement 
processes and. polymer formation (the major pathway with 
many N-oxides) become less prevalent. 	Moreover, our results 
demonstrate that the ratio of oxygen transfer reaction relative 
to photochemical N-oxide. rearrangements may be markedly 
altered. by substituent effects on the heterocyclic ring 
nucleus. 	This of course means that. model systems for the 
mono-oxygenases based on. these N-oxides do not have to suffer 
the disadvantage of producing low yields of products as has 
been the case previously78 . 	In summary, substituents next 
to the N-oxide function are. important in this respect, 
perhaps if they can. stabilise any radical formation or prevent 
rearrangements via carboni.um ions or that lead to polymer 
formation. 	To further test these ideas., other N-oxides 
with various substituents were "screened" as possible oxygen 
transfer agents. 	The principles discussed in previous 
sections were applied in, the choice of N-oxide. 
B.2.4 Application.of the Substi.tuent Effect 
After the initial success with. substituted pyridine and 
pyridazine N-oxides a preliminary investigation, was carried 
out using various other N-oxides in the photolysis reaction 
to try and obtain a better understanding of the substituent 
effect on the deoxygenation process. 
E.2.4.1 2,6-Lutidine N-oxide 
The structural fragment of 3-methylpyridazine 2-oxide 
(61) shown by the broken line was reproduced in 2,6-lutidine 






CH ' )CH 3 
(62) 
When (62) was irradiated in the presence of phosphoro-
thionates a significant increase in deoxygenated product 
(11-21%) was obtained compared to that with unsubstituted 
pyridine N-oxide (1-4%). 	This is a further example of the 
effect of a methyl group .on. the photochemistry of a heterocyclic 
N-oxide, increasing the relative importance. of the deoxy-
genation pathway. 	One of the main reasons. could again be 
the inhibition of polymer formation by decreasing. the likely-
hood of ring opening reactions which are responsible for the 
formation, of polyacrylonitrile. 	In addition, the methyl 
groups would exert a small stabilisation effect on radical 
centres which might develop in. the 2- or 6-positions of the 
pyridine nucleus 244 , making decomposition by deoxygenation a 
more favourable pathway. 	With this increase in deoxygenation, 
it was expected that a similar increase in oxygen transfer 
would be obtained leading to greater yields of phosphates. 
However, in this case only low yields (3-5%) of oxygen transfer 
to the substrate were observed. 	This unusual development was 
obviously a set-back in the design of model systems which 
involved increased deoxygenation on photolysis because it 
was first thought that this would lead automatically to 
increased yields of oxygen transfer product. 	The picture 
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for deoxygenation was obviously not as simple as suggested 
by Scheme 44 but is complicated by another factor which results 
in deoxyg.enation without oxygen transfer. 	This observation 
was not unique to the case of 2,6-lutidine N-oxide but again 
led to disappointing results with 4-phenylpyridine N-oxide 
when the basic principles developed earlier, to increase 
oxygen transfer, were being applied. 
3.2.4.2 4-Phenylpyridine N-oxide 
The results with 2-cyanopyridine N-oxide led us to 
believe that stabilisation of a radical centre by an advised 
choice of substituent on the adjacent position to the N-oxide 
could result in increased deoxygenation and hence, an increase 
in oxygen transfer. 	It was then considered that this 
improvement could be extended to include other sübstituents, 
in the 2- or 4-positions, in particular a phenyl group which 
lends itself greatly to the stabilisation of radicals 246 . 
So, 4-phenylpyridine N-oxide was photolysedin the presence 
of phosphorothionates and indeed, as hoped for, a substantial 
increase in the yield of deoxygenated base (21-31%) was 
obtained compared to results with unsubstituted pyridine 
N-oxide. 	However, this marked enhancement in deoxygenation 
was not reflected in the yields of oxygen transfer to the 
substrates (2-5%) and so our main objective, to improve the 
model system by increasing the amount of phosphate produced, 
was not achieved in this particular case. 
The above results with 2,6-lutidine N-oxide and 4-phenyl-
pyridine 14-oxide are in sharp contrast to those obtained with 
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3-methylpyridazine 2-oxide and 2-cyanopyridine N-oxide where 
the yield of oxygen transfer product paralleled the yield of 
deoxygenated base. 	The initial implications of Scheme 44 
do not account for this and clearly some additional complicating 
feature in the mechanism must operate. 	One possible explanation 
to account for the observations is that two or more mechanisms 
of deoxygenation exist, one leading to the transfer of oxygen 
to a substrate whereas the others do not. 	Thus, the simple 
rational of designing an N-oxide that exhibits increased 
deoxygenation on photolysis in order to increase the yield 
of oxygen transfer product is not enough and other factors have 
to be taken into account.. This phenomenon was not exclusive 
to the pyridine N-oxide series but was also in evidence when 
comparing pyridazine N-oxide with 3-methylpyridazine 2-oxide. 
There was abnormal lowering in the yields of phosphates in 
the case with pyridazine N-oxide suggesting that only a small 
proportion of deoxygenation of this N-oxide led to oxygen 
transfer to the substrate. 	Two mechanisms for deoxygenation 
which have served as explanations for many previous workers in 
this area are direct photolytic N-O cleavage or via an inter-
mediate oxaziridine (Scheme 50) 
One pathway leads directly to the production of u oxene hl, 
the other leads to an intermediate oxaziridine which have 
been postulated as the oxidising species. 	To account for 
our results, however, a pathway that leads to deoxygenation 
and oxygen transfer dominates in the cases of 3-methylpyridazine 
2-oxide while the existence of pathways for deoxygenation 
which do not lead to oxygen transfer might explain the low 
yields of phosphates observed during the photolysis of both 
I IL) 







2,6-lutidine N-oxide and 4-phenylpyridine N-oxide. 	It has 
been shown by other workers that photochemical deoxygenation 
and rearrangement reactions occur through different excited 
states 83 . Mention of excited states being involved in the 
oxygen transfer process suggests an alternative explanation 
for the differences observed between various N-oxides. It 
- 	is probable that if transitory species are involved in oxygen 
transfer reactions, then in common with all intermediates the 
amount of bimolecular reaction that such an intermediate can 
undergo, with a substrate or a trap, is most likely directly 
dependent on the lifetime of such a species. 	Hence, it could 
be that the oxidising species derived from a certain N-oxide 
possesses a definitive lifetime and the amount of oxygen 
transfer reaction for which this oxidant is responsible is 
directly related to its lifetime in solution. 	In our case, 
the intermediates derived from 3-methylpyridazine 2-oxide and 
2-cyanopyridine N-oxide would appear to be longer lived than 
tnose photolytically produced from 2,6-lutidine N-oxide or 
4-phenylpyridine N-oxide, and hence would undergo more bi-
molecular reaction with the thiophosphoryl compound to produce 
I,' 
the corresponding phosphoryl compound. 	This is one 
particular case of a more general theorem which would suggest 
that although several N-oxides are comparative in the end 
production of deoxygenated base, some subtle differences are 
evident which dictate the amount of bimolecular oxygen transfer 
which can accompany such deoxygenation. 
3.2.5 Summary 
The realisation that substituents on the pyridine or 
pyridazine ring can exert a direct influence on its ability 
to deoxygenate on photolysis and more importantly to transfer 
the oxygen atom to a substrate opens up the possibility of 
designing model systems which can afford products in better 
yields and hence aid their isolation from reaction mixtures. 
Model systems for the mono-oxygenases that involve the photolysis 
of heterocyclic N-oxides need no longer be written off as of 
little synthetic use as happened in the past 185  with pyridine 
N-oxide because of the pitifull yields of products (ca 1%) 
which were obtained in oxygen transfer reactions. 
Although several individual N-oxides have been reported 
to give good yields of oxygen transfer on photolysis on separate 
occasions, the foregoing sections are the first attempt to try 
and identify the factors which are responsible for deoxygenation 
and oxygen transfer being better in some cases than in others. 
The main drawback encountered so far appears to be that although 
deoxygenation can be improved by using substituted pyridine 
and pyridazine N-oxides, it does not always follow that a 
corresponding improvement in the yield of oxygen transfer 
[Wff4 
product is obtained. 	Clearly, only after a more extensive 
study of the substituent effect on the reaction could an N-
oxide be chosen advisedly and with confidence to give workable 
yields of products on modelling an oxygen transfer reaction to 
substrates such as phosphorothionates. 	However, even at this 
early stage, 3-methylpyridazine 2-oxide and 2-cyanopyridine 
N-oxide have the required properties and give rise to very 
acceptable yields of oxygen transfer products on photolysis. 
B.3 	Oxygen Transfer. to Thiophosphoryl Compounds 
B.3.1 	Mechanism 
The oxygen-atom transfer reaction could proceed either 
by a), an interaction of the photoexcited N-oxide or its 
rearrangement product with the thiophosphoryl compound followed 
by oxygen transfer, or by b), elimination of the oxygen atom 
from the photoexcited N-oxide to give "oxene" (atomic oxygen) 
followed by its reaction with the thiophosphoryl compound. 
In either case the possibility that the action of the oxidising 
species with the thiophosphoryl substrate could produce a 
transition state similar to peracid oxidation and such as 
shown in Scheme 51 should be considered. 
I I) 
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Scheme 51 
Several studies were initiated to try and obtain a better 
understanding of the interaction between the oxidising species 
and the substrate. 	Obviously, this would in turn give more 
information as to the nature of the oxidising species itself, 
formed in the photolysis of heterocyclic N-oxides. 
B.3.2 Effect of Substituents in the Triaryiphosphine 
Sulphide Substrate 
A series of 2-substituted triaryiphosphine sulphides were 
synthesised and used as substrates in the photolysis of 3-
methylpyridazine 2-oxide. 	The results in Table 18 would 
indicate that there is no pronounced electronic effect of 
substituents in the triarylphosphine sulphide on the yield 
of phosphine oxide produced 247 . 	In view of what has already 
been said about oxenoid reagents this was a surprising result. 
This observation is not, for example, consistent with the. 
idea of electrophilic foxeneu as the mediator in these 
oxidation reactions because, as mentioned previously, "oxene° 
is electronically analogous to carbenes or nitrenes which are 
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electron deficient, electroneutral
,248 species, and readily 
undergo addition reactions to carbon-carbon double bonds. 	By 
this analogy it was thought that electron donating substituents 
in the phenyl rings of the triaryiphosphine sulphides would increa 
the yield of phosphine oxide produced. 	The thiophosphoryl 
group, PS, is polarised with a dipole moment of 0.4. 	The 
attack of any electron deficient species should be at the 
sulphur atom because the nucleophilic reactivity of the thic-
phosphoryl group is due to the electronegative sulphur. 	Of 
particular relevance to our case are the previous observations 131 
that electron donating substituents increase this nucleophilic 
reactivity of the sulphur atom. 	So in our study, the reaction 
appears to be independent of this variation in reactivity, 
leading to similar yields of phosphine oxides in each case. 
Before drawing firm conclusions on this phenomenon it was 
decided to further test the lack of substituent effect. 	A 
solution of 3-methylpyridazine 2-oxide was irradiated in the 
presence of two competing triaryiphosphine sulphides containing 
E-substituents with differing electron donating or withdrawing 
properties. 	By using this method any slight differences in 
reaction conditions when using different triaryiphosphine 
sulphides are eliminated. 	The substrates are then in direct 
competition for reaction with a fixed amount of oxidant. 	The 
results shown in Table 23 again indicate a lack of any 
substantial substituent. effect on the yield of phosphine oxide. 
Table 23 
Photolysis of 3-methylpyridazine 2-oxide in the presence of 
competing Triaryiphosphine Sulphides 
Phosphine sulphides Yield of 3- Phosphine oxides 
methylpyridazine Yield % Ratio by 
(%)J Ratio 31 P nrnr 
R—(\.)-)-P=s 
a:b a:b 
R = Me MeO 36 32% 	0.87 0.91 
(a) : (b) 37% 
R = MeO H 33 30% 	1.11 1.08 
(a) 	: (b) 27% 
R = Cl 	: H 31 28% 	1.33 1.07 
(a) (b) 21% 
R = MeO : Cl 35  1.15 
(a) 	: (b)  
i. by g.1.c. 	ii. by h.p.l.c. 	iii. overlapping peaks 
under various conditions. 
Electron donating and electron withdrawing substituents have 
similar effects when in comparison with each other and with 
the unsubstituted triphenyiphosphine sulphide. 	If an 
electrophilic species is responsible for the oxidation then 
in this particular case the rate limiting step of the model 
system is independent of polarising influences on the phos- 
phorus-sulphur double bond by various substituents. 	The 
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rate determining step could be the formation of the "oxidant" 
by analogy with all known nitrene reactions. 	Interestingly, 
Wolcott and Neal  249  found that electron withdrawal or donation 
has no direct effect on the rate of mono-oxygenase catalysed 
reactions of dialkyl aryl phosphorothionates. 
The involvement of an electron deficient species, being 
responsible for the reactions observed cannot be totally 
dismissed on this evidence because it is most likely in the 
photolysis of heterocyclic N-oxides that the oxidising agent 
is a reactive intermediate or the N-oxide is an excited state 
and therefore would almost certainly not conform to the normal 
theories of ground state 0 kinetics. 
The obviously very high reactivity of the oxidising 
species generated during the photolysis of an N-oxide might 
be masking any subtle substituent effects, however, it is 
appropriate to consider other possibilities apart from "oxene" 
which could be responsible for the oxygen transfer reaction. 
In this respect unstable oxaziridines (63) formed from 
the photoisomerisation of aromatic N-oxides (Scheme 52) would 
act as powerful oxygen atom donors since deoxygenation would 
be facilitated by rearomatisation of the heterocycle. This 
is the most likely rearrangement product of category a) 





-~ CH 3-) + [0] 
Scheme 52 
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3.3.3 Possible Intermediacy of a C-Cyano-oxaziridine 
When trying to rationalise the photochemical transfer 
of an oxygen atom in terms of oxaziridine intermediates it is 
worthy of note that there is precedent in the literature for a 
cyano substituent on the carbon of the three-membered ring 
stabilising such an intermediate. 	For example, 6-cyano- 
phenanthridine 5-oxide rearranges almost exclusively to the 
oxazepine on photolysis presumably via an oxaziridine 83 . 
In addition, the oxaziridine from the same N-oxide was the 
first such intermediate to be observed by spectroscopic 
techniques 93 . 	Furthermore, the oxaziridine intermediates from 
substituted 2-cyanoquinoline N-oxides have been trapped in the 
form of N-aminocarbostyrils, formed in good yield, by their 






The apparent enhanced formation of oxaziridines in these 
cases is a possible explanation for the increased yield of 
oxygen transfer from 2-cyanopyridine N-oxide to thiophosphoryl 
compounds (Section 8.2.2). 	Again, if a radical intermediate 
is involved, resonance stabilisation by the cyano substituent 
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should increase the chance of the radical coupling reaction 
to give the oxaziridine, Scheme 54. 
;-'-' L ON) CN 




If the oxidation of thiophosphoryl substrates is mediated 
by an oxaziridine, the cyano substituent may also stabilise 
the intermediate, prolong its lifetime, and hence increase 
the chances of bimolecular reaction with the substrate. 
Further analogies can be drawn with the work of Black 
250-253 et al. 	on the photolysis of N-oxides which certainly 
seems to indicate that the relative stability of the resultant 
oxaziridine is considerably influenced by substituent effects 
on the carbon atom of the oxaziridine ring. 	Taken together 
with our results, a pattern develops which suggests that the 
stability which a carbon substituent can confer on the 
oxaziridine is in the order CN>Ph>Me>H>t-Bu. 	Another 
effect of the cyano substituent can be observed in 2-cyano- 
quinoline N-oxide. 	When this N-oxide is photolysed a very 
high yield of the 1,3 oxazepine is produced, almost certainly 
via an intermediate oxaziridine, followed by a 1,5 oxygen 
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shift. 	Very little deoxygenation occurs, in this case to 
give the parent quinoline. 	Using this last fact we reasoned 
that if 2-cyanoquinoline N-oxide was able to transfer its 
oxygen to thiophosphoryl compounds on photolysis there would 
be good reason to believe that in this case the oxygenation 
was proceeding via an intermediate oxaziridine. 	Thus the 
N-oxide was photolysed in the presence of tri-2-anisylphosphine 
sulphide. 	The rearrangement product. 2-cyano-benz[d] [1,3] 
oxazepine (59%) was still observed, however, a fair yield of 
tri-2-anisylphosphine oxide (11-16%) and 2-cyanoquinoline 
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B.3.4 The Effect on Oxygen Transfer of Varying the Concentration 
of Substrate. 
In a study in which the concentration of triaryiphosphine 
-.A. 
sulphide (substrate) was varied in photolysis reactions with 
3-methylpyridazine 2-oxide some unusual results became evident 
(Table 18, p 158). Firstly there was a poor mass balance 
when using 2.5 rnmol of phosphine sulphide in 100 ml solvent. 
The amount of product phosphine oxide could not account for 
the loss of starting phosphine sulphide. 	This was unusual 
because, on examination of the reaction mixtures by 31 P n.rn.r., 
the only phosphorus containing product which was observed was 
indeed the phosphine oxide. 	Furthermore, control experiments 
had shown that when the N-oxide was omitted from the photolysis 
no oxygenated products (phosphates or phosphine oxides) were 
formed. 	The triaryiphosphine sulphides and oxides were 
stable under the photolysis conditions and quantitative h.p.l.c. 
showed that a 94-100% recovery of either could be obtained 
after photolysis for 5 h. 	There seems no logical explanation 
then for this erroneous result. 	Ironically, when using 0.5 rnmol 
of the phosphine sulphide the loss of starting material could 
be totally accounted for by the. product phosphine oxide. 
The second unusual feature of this study became evident 
when varying the concentration of substrate still further. 
The yield of oxygen transfer was shown to be to a large extent 
independent of the concentration of substrate. 	This is 
dramatically illustrated by the results in Table 18 (p.158) 
for triphenyiphosphine sulphide where an increased percentage 
yield of product is obtained with decreasing concentration of 
substrate. 	The results indicate two features of the reaction; 
firstly how extraordinarily active the oxidising species is, 
and secondly the efficiency with which a thiophosphoryl trap 
works compared to say aromatic compounds such as benzene or 
106 toluene. 	The concentration range over which the net 
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weight of product remains fairly constant is somewhere 
between ten and one hundred times. 	This seems to indicate 
that the oxidising species responsible for the oxygen transfer 
reactions is a relatively long-lived entity. 	Clearly, a 
very short lived intermediate could not exhibit this kind of 
phenomenon whereby reaction is independent of the concentration 
of trap. 	All indications from previous work are that 
oxaziridines possess an extremely short lifetime (<20.ns) and 
are difficult to observe by conventional physical methods. 
In view of this, the results of the present study are recognised 
as evidence against the intermediacy of an oxaziridine 
mediating in oxygen transfer reactions. 	In contrast, "oxene" 
might be expected to be a relatively stable atom as the life-
times of free nitrene [(NH), 0.03-1 ms 48 and methylene 
255 
[(CH 2 ), 5-6.4 ms] 254, 
	are relatively long in comparison 
with those of bxaziridines derived from photolysis of 
heterocyclic N-oxides. 257 
B.3.5 The Effect of Substrate Addition on the Photoreaction 
of 3-Methylpyridazine 2-Oxide 
In order to gain an insight into the transition state of 
the oxidant generated during the photolysis of heterocyclic 
N-oxides the effect of thiophosphoryl compound (substrate) 
addition on the photoreaction of 3-methylpyridazine 2-oxide 




















FIG.1 	Conversion Rate of (64) as a pure solution (t) and 
in the presence of (65), (U) 
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FIG.2 	Formation Rate of Tri--chlorophenylphosphine oxide 
(s) and consumption rate of (64), (A.) 
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The results obtained from the irradiation using tn-
2-chlorophenylphosphine sulphide as the substrate are shown 
in Fig.1 in which conversions (%) of (64) as a pure solution 
and as a solution in the presence of (65) are plotted vs irra-
diation time. 	Figure 1 shows that the conversion rate of 
(64) is independent of the addition of the. substrate despite 
the fact that (65) was oxidised to the corresponding phosphine 
oxide in 12% yield. 	It had already been shown that in the 
case of 3-methylpyridazine 2-oxide the formation of oxygenated 
products was proportional to the yield of parent pynidazine 
produced (Section B.2.1). Figure 2 shows that the formation 
rate of the phosphine oxide matches that of the 3-methyl-
pyridazine and the consumption rate of the N-oxide. 
After the completion of this work Ogawaetal. 97- 
published a. very similar study on the effect of oxygen atom 
acceptor addition on the consumption of 3-methylpynidazine 
2-oxide (64). 	Their results showed that the conversion 
rate of (64) was apparently unaffected by the addition of 
cyclohexene, cyclo hexane or anisole. 	In agreement with the 
conclusions of ogawa et al. 97 a primary interaction between 
the photoexcited N-oxide and the substrate can probably be 
ruled out on the basis of these results and the transition 
state of the process should involve some other oxidant 
generated from the conversion of the N-oxide such as "oxene". 
B.3.6 Summary 
On the evidence presented so far there appears to be 
little in favour of the possibility that an oxaziridine can 
mediate in oxygen transfer reactions to thiophosphoryl com- 
pounds. 	It is possible, however, that when a cyano substituent 
is present on the carbon atom of the three membered ring, the 
oxaziridine is stable enough to make a partial contribution 
to the reaction in addition to some other oxidant. 	Of course 
the situation is somewhat different when a phosphine is the 
substrate as this reaction with the substrate would be expected 
to be much faster than with.a thiophosphoryl substrate because 
of the increased nucleophilicity of the phosphorus atom 
compared to the sulphur atom. 	Hence, the chances of reaction 
with the oxaziridine are greatly enhanced resulting in our 
observation of more complete conversion of the substrate into 
the phosphine. oxide.. 
B..:4 Photochemical Aromatic Hydroxylation by 3-Methyl- 
pyridazine 2-Oxide and Observation of the NIH Shift 
The validity of a model system for mono-oxygenase enzymes 
is judged by its ability to accomplish the NIH shift but until 
very recently there had only been one such study on the 
pyridazine N-oxides 78 . 	In order to satisfy the original 
criterion of establishing a model that was both valid for the 
metabolic activation of phosphorothionate pesticides and for 
aromatic hydroxylation it was necessary to demonstrate that 
photolysis of 3-methylpyridazine 2-oxide in the presence of 
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4-deuterio substituted benzenes led to 4-substituted phenols 
in which some of the deuterium was retained (Scheme 56), 
ie that the model resulted in the NIH shift characteristic 
of the biological reaction. 
CH 3_() + 
Scheme 56 
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In each case the 2-hydroxylated product was observed as well 
with very high deuterium retention 
247 . The results of this 
study are shown in Table 24 as are, for comparison, the NIH 
shift values obtained by Daly et al (with liver microsomes 53 
-n 
NIH-shift on Irradiation of 3-Methylpyridazine 2-Oxide in 
presence of 4-Deuterio Substituted Benzenes 
RQD 
Deuterium 	Microsomes 53 
Retention (%) 
R = Me 51 54 
MeO 49 60 
Cl 64 54 
The results demonstrate that this system is indeed a 
reasonable model for the hepatic hydroxylation system. 
Interestingly, our results with 3-methylpyridazine 2-oxide are 
very similar to those of Takamuka et al. 	 who recently reported 
NIH shift data for hydroxylation of aromatics with an oxygen 
atom in the triplet state (03p). 	In both these cases the 
introduction of an electron withdrawing substituent (Cl) 
enhances the NIH shift. 	Previously, Jerina et al. 78 
reported similar substituent effects on the degree of deuterium 
retention during pyridine N.-oxide photolysis although the 
oxidising species had not been clarified with certainty. 	This 
substituent effect can be interpreted in mechanistic terms by 
the inclusion of a dipolar intermediate (66) in the reaction 
scheme which promotes the deuteride shift and which should 
be affected by the introduction of a substituent to the phenyl 
ring. 	In (66) electron donating substituents R, should 
stabilise the cationic character of the dipolar structure 
and suppress the deuteride shift to (67) leading to lower NIH 
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It was assumed by Jerina et al. 
66  and Bruice et al. 258 
that such an intermediate (67) is formed during the aromatisa-
tion of arene oxides to phenols. 
After publication of our results 247 from the study of 
NIH shift.. during photolysis of 3-methylpyridazine 2-oxide, 
ogawa et al. 256 have very recently reported some independent 
work which lends some support for our conclusions. 	The 
authors noticed a remarkable solvent effect on NIH shift when 
photolysing 3-methylpyridazine 2-oxide in the presence of 
[4 -2 H]anisole. 	An increased NIH shift was observed in polar 
solvents and this was interpreted in terms of a stabilisation 
effect on a dipolar intermediate (66), the same intermediate 
which could account for our observed increase in NIH shift 
when electron withdrawing substituents are present in the 
aromatic ring. 	The authors 
256  proceeded to make several 
comparisons of the oxidant generated during the photolysis of 
3-methylpyridazine 2-oxide with that from the y radiolysis of 
liquid carbon dioxide Lie 0 3 P). 	From their results it is 
obvious that both oxidising species are very similar and possess 
electrophilic character, a result which contradicts our earlier 
observations using thiophosphoryl compounds as substrates, 
however this does not affect the argument on the structure of 
the intermediate (66) as this is formed after the addition of 
the oxygen atom to the aromatic rings. 	Nevertheless, it is 
unusual that the expected electrophilicity of the oxidising 
species, "oxene", (because of its similarity to carbenes and 
nitrenes) is shown up in these examples but not during the 
oxidation of a polarised thiophosphoryl group. 
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B.5 	Isoalloxazine 5-Oxides - Attempted. Oxygen Atom 
Transfer to Thiophosphoryl Substrates. 
B.5.1 Introduction 
284 Recently, Rastetter et al. 	presented a study of 
nOnenzymic oxidations and oxygenations effected through 
photolysis of isoalloxazine 5-oxides (68) which possess an 
identical ring structure to the flavin. based monooxygenase 
enzymes adding to the realism of this particular model. 
)aN; NH 
(68) 	R: tetraisobutyriribityl 
With this system the authors were able to oxidise phenols 
and amines in excellent yield (30-90%). 	It seemed a 
natural extension, therefore, to include similar N-oxides 
in our search for increased deoxygenation of an N-oxide on 
photolysis with, hopefully, an increase in oxygen transfer 
to a thiophosphoryl substrate. 
B.5.2 Attempted oxygen transfer 
A solution of 10-butylisoalloxazine 5-oxide (69) in 
pyridine was irradiated in the presence of triethyiphos-
phorothionate for 24 h. 	A good yield (72%) of deoxygenation 
of the N-oxide was obtained, however, no oxygen transfer to 






to acetic acid failed to alter the outcome of the experiment. 
The result is surprising because with all previous N-oxides, 
failure to observe significant levels of oxygenated product 
was usually accompanied by poor deoxygenation of the N- 
oxide on photolysis. 	A possible explanation for this 
observed difference is that photolytic deoxygenation of an 
isoalloxazine 5-oxide proceeds by a different mechanism to 
the majority of heterocyclic N-oxides; a mechanism which does 
not give rise to an intermediate capable of oxidising a 
thiophosphoryl group. 
The poor solubility of (69) necessitated. the use of a 
solvent other than dichioromethane or chloroform which had 
been used universally in previous N-oxide photolysis experi-
ments. 	This was a possible cause of the observed, differences 
so efforts were made to eliminate it. 
It was suspected that by increasing the length of the 
N-alkyl carbon chain in the 10-position., the isoalloxazine 
5-oxide would become more soluble since it had been noticed 
that 10-butyl- was more soluble in pyridine than 10-methyl-
isoalloxazine 5-oxide. 	Therefore, 1 0-octylisoalloxazine 
5-oxide was synthesised and indeed found to be reasonably 
soluble in chloroform. 
A solution of 10-octylisoalloxazine 5-oxide in deuterio- 
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chloroform was then irradiated in the presence of triphenyl-
phosphine sulphide, but despite this modification to the 
procedure, no oxygen transfer to the thiophosphoryl substrate 
was observed by 31 P n.m.r. 
B.5.3 Discussion 
Rastetter et al. 
284  demonstrated the photolytic transfer 
of the N 5 -oxygen atom to phenols, ultimately producing 
benzoqui-nones. The species responsible for. the oxygen transfer 






This is in contrast to all other photolytic deoxygenations 
of N-oxides which are presumed to proceed either via an 
oxaziridine or through direct liberation of an oxygen atom 
and. may account for the differences which we have observed. 
Rastetter285 obtained further evidence for the involve-
ment of a nitroxyl radical from ESR measurements and, in 
addition, demonstrated that the thermal generation. of a flavin 
N 5 -nitroxyl radical also resulted in hydroxylation. of phenolic 
substrates. 	The suggested mechanism is precedented. by other 
isolable nitroxyl radicals and the implication is that a 
flavin N 5 -nitroxyl radical, derived from 4a-(hydroperoxy)--
flavin, is a viable candidate for the ultimate hydroxylating 
agent in the flavoprotein monooxygenases. 	If this is so, 
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then on the basis of our results, thiophosphoryl substrates 
would not be oxidised by the flavin dependent monooxygenases 
but probably converted into their equivalent phosphoryl 
compounds by the alternative cytochrome P-450 containing 
enzymes. 	However, there is no reason to suspect that the 
precursor to the enzyme derived flavin nitroxyl radical, the 
4a hydroperoxyflavin. species (71) is incapable of sulphur 
oxidations since, for example, peracids oxidise thiophosphoryl 
substrates to their equivalent thiophosphoryl compounds in 
good yield (Scheme 58). 	Indeed, the flavin model work of 
Bruice et al. 286 has demonstrated the oxidation of sulphides 
and amines by a hydroperoxy flavin.. For these reasons 
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metabolic activation of phosphorothionate pesticides cannot 
be ruled out. 	Path a of Scheme 59 fails to occur and all 
the isoalloxazine 5-oxide undergoes unimolecular decomposition 
























all other successful. model oxidations described have been 
interpreted in terms of a zwitterionic intermediate (72) 
rather than a diradical (73). 
RN R ,S N. 
R— P+ 	
N 
0.. 	 R_ P. 	0. 
R" R" 
(72) 	 (73) 
It is clear then that deoxygenation reactions and oxygen 
transfer using flavin N-oxides involves a different mechanism 
to those N-oxides which have been shown to transfer their 
oxygen to thiophosphoryl substrates. 	The. mechanism possibly 
involves a hydrogen transfer from the substrate (eg a phenol) 
which cannot, of course, occur with a thiophosphoryl substrate. 
Because of the increasing awareness of. the involvement of 
nitroxyl radicals a further. experiment, might be to establish 
whether stable isolable nitroxyl radicals are capable of the 
conversion of thiophosphoryl compounds. into phosphoryl com-
pounds, however, this. remains for future investigation. 
C. 	Reactions of .Oxaz.iridines. with Triaryiphosphine 
Sulphides 
C.1 Introduction 
At the time of this study precedents. were lacking for 
the oxidation of thiophosphoryl compounds by oxaziridines 
so no conclusions could be reached on the possible involve-
ment of these species in the oxidation of th.iophosphoryl 
compounds during the photolysis of heterocyclic N-oxides. 
It was decided to rectify this situation by initiating a 
study on the reactions of 2-methyl, and 2-ethyl-3--nitro- 
phenyl oxaziridine with a series of E-substituted triphenyl-
phosphine sulphides. 	The only previous attempt at a similar 
reaction was by Black et al. 259  who found that no reaction 
occurred when heating the oxaziridine (74) with triphenyl- 
phosphine sulphide at 110 0C. 	In. contrast., however, the 
addition of one equivalent of trifluoroacetic acid to a 
solution of the oxaziridine (75) and triphenyiphosphine 
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sulphide, in benzene, led to the rapid production of the 
corresponding oxide at room temperature. 	Their spectroscopic 
data-were consistent with the intermediacy of a protonated 
oxazir.idine. 	This protonation facilitated, the nucleophilic 
attack of the thiophosphoryl. group.. at the carbon. atom of the 
oxaziridine ring which resulted in.subsequent deoxygenation. 
The authors proposed that. this reaction proceeded in an 
analogous manner to the corresponding reactions of epoxides 260 . 
Ph,,, 
R= Ph (74) 
:Me (75) 
Despite this surprising lack of work with thiophosphoryl 
substrates there is a group of oxaziridine reductions, 
characterised by transfer of the ring oxygen, to. an oxidisable 
F' 
substrate, which have been explored more extensively. 
- 
	
	Oxaziridines are known to be mild oxidising agents, for example, 
reaction of triphenyiphosphine with oxaziridines gives 
261 triphenyiphosphine oxide in excellent yield 	. . The kinetics 
and mechanism of this reaction have been examined by changing 
substituents, solvent and temperature and it was concluded 
that the reaction proceeded through attack of the phosphine 
on the oxygen atom in a concerted manner rather than the 
nitrogen or carbon atoms, producing the corresponding imine 
and phosphine oxide 262 . 	This mechanism can be contrasted 
with that proposed for deoxygenation of an epoxide which is 
known to involve nucleophili.c attack on one of. the carbon 
atoms of the epoxide 263 , however, desulphurisation of a 
thioepoxide also involves a direct abstraction, in this 
case of the sulphur atom264 . 
Reactions of oxaziridines with nucleophiles have been 
reinvestigated. recently265 and. in addition to attack of the 
nucleophile at oxygen, evidence was presented.for attack at 
the nitrogen atom of the oxaziridine ring with accompanying 
fragmentation to give a.carbonyl. compound. and an ylide 
derived from the reagent and nitrogen of the ring. 	On the 
basis of many reports. with sulphur and phosphorus reagents, 
Hata and Watanabe 265 have suggested that. oxygen is the most 
electrophilic among. the atoms of the oxaziridine ring and 
abstraction is an essential. characteristic of. reactions 
between oxaziridines and., nucleophi.lic reagents. 
In most of the literature,. oxaziridines are believed 
to be the first ground state species formed on photolysis of 
aromatic amine N-oxides. 	This is particularly justified on 
two accounts. 	Firstly from the well documented fact that 
the related nitrones (76) photoisomerise to oxaziridines (77) 
which in some cases can be isolated in fairly good yields  266 
and secondly, most of the rearrangement products formed on 
photolysis can be explained as arising from oxaziridines by 
processes accepted in ground state mechanistic organic 
chemistry. - 
R1 	-o 
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Hence, this led to the general postulate that. the first step 
in the photochemical. reaction of an aromatic N.-oxide is the 
formation of a non-isolable unstable oxaziridine (78) with 
subsequent rearrangement (Scheme 61) 
[0] 
N0  
(78) 	 rearrangement 
Scheme 61 
In this respect a transition state. involving an oxaziridine 
96 was proposed by Boyd et al. 	for the oxidation of sulphides 
to suiphoxides by the photolysis of aromatic N-oxides. 	In 
our case with thiophosphoryl. substrates. we could not justify 
a similar claim until oxaziridines had. been shown to oxidise 
the substrates in the absence of acid as would be the case 
during photolysis in dichiorométhane. 
Oxaziridines were worthy of study on another basis. 
As mentioned in the introduction 1 for the fla,vin dependent 
mono-oxygenases, it is generally agreed that the active site 
is a reduced flavin co-factor, however, the structure of the 
active site remains controversial with flavin hydroperoxides, 
flavin carbonyl oxides and more interestingly flavin oxaziridines 
267 	 268 being proposed 	. Thus, F.A. Davis et al. 	have deemed 
that studies of the oxygen transfer reactions of oxaziridines 
should prove useful in evaluating their involvement in enzyme 
catalysed oxidations. 
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C.2 	React.ion of 2-Ethyl--3--p--nitr.02henyl Oxaz.iridine 
with Triaryiphosphine Sulphides 
A two-fold excess of the oxaziridine in deuterio-
chloroform was shown to convert. tri---anisylphosphine sulphide 
and triphenyiphosphine .saiphi.de into their corresponding 
oxides in reasonable yield (29-40%) when the solutions were 




ONO2 + MeO4-P=s 
j40 0C 
MeO--P=O OHC<NO2 + Et-N=CH-NO2 
Scheme 62 
This is the first demonstration of a thiophosphoryl to 
phosphoryl oxidation-by an oxaziridine in the absence of 
acid and lends support to the possibility that oxaziridines 
are responsible for the oxidation of thiophosphoryl compounds 
during the photolysis of heterocyclic N-oxides. 	A further 
three products were obtained from the reaction. 	These were 
elemental sulphur, -nitrobenzaldehyde and 2-nitrobenzylidene-
ethylainine. 	The sulphur was isolated in one case and 
identified from its m.s., but in addition,. examination of the 
reaction mixture by t.l.c. and development of the chromato-
gram with a silver based chromogenic reagent also gave evidence 
for the formation of sulphur. 
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Oxaziridines are unusual three-membered heterocyclic 
compounds in that they are constructed of three kinds of 
atoms having different electronegativities.in adjacent 
positions. 	Every atom of the oxaziridine is a possible 
site for nucleophilic reaction of the sulphur atom of the 
thiophosphoryl group. 	Comparison of the reaction mechanisms 
269 	 260,263,270 for aziridines 	or epoxides 	 led us to suppose 
initially that attack at carbon was the preferred course for 
the nucleophilic sulphur. atom, however, some of our studies 
(SectionC.4) supported by recent publications in the 
literature  265  have dispelled this theory and a straightforward 
oxygen abstraction offers a more reasonable explanation for 
the observed deoxygenation (Scheme 63). 
- 




Despite this general agreement, the inertness of the carbon 
atom towards nucleophilic reagents remains poorly, understood. 
Scheme 63 also accounts for the imine which is observed in the 
reaction. 	The equivalent product formed during the photolysis 
of aromatic N-oxides would be the parent heterocycle (Scheme 
61). 
The formation of -nitrobenzaldehyde can be rationalised 
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in terms of reaction of the sulphur at the alternative 
nitrogen atom of the oxaziridine ring (Scheme 64). A control 
experiment showed that under our reaction conditions the 
formation of the aldehyde was not due to simple hydrolysis 
of the imine. 
ArN 
C -0. 	* R3P=S Ar - 
H" SSN/ 	 H'41 
I ( Et 	R3P=S Et 
- ArCHO + [R3_s__Eti ? 
(7 9) 
R 3 P=S 
Scheme 64 
The problem remains as to the identity of the intermediate 
formed from the thiophosphoryl reagent and the nitrogen of 
the ring. 	In the case of simple dialkyl sulphides reaction 
with oxaziridines gives a stable ylide 265 but in our case 
the only phosphorus containing products which were identified 
were unreacted phosphine sulphide and the corresponding phosphine 
oxide. 	Hence any intermediate such as (79) must be unstable 
and decompose to give the starting phosphine sulphide. 	It 
must be mentioned in passing that some of the evidence for 
the production of ylides is on the basis of trapping experi-
ments with another aldehyde to give a different imine and 
could thus be unreliable, as interchange reactions between 
imines and carbonyl compounds are well known 271 . 
C.3 	Reaction of 2-methyl-3-p-nitrophenyl oxaziridine with 
various p-substituted triphenylphosphine sulphides 
C.3.1 Substituent effect on reaction 
A two fold excess of the oxaziridine in deuterio- 
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chloroform was heated. at 40 °C for 72 h with each of the 
triaryiphosphine sulphides (a) to (g) in turn (Scheme 65). 
, 
—C NO 2 	
O\





R= MeO,Me,H,Ph,CI,CO 2Me,CN 
(a) 	 (g) 	 .. 	R '2 P=O + 
Scheme 65 
The yields of phosphine oxides produced in these reactions 
(Table 25) points to an interesting substituent effect in 
the triaryiphosphine ?ulphide. 	The relative amount of 
phosphine oxide formed appears to decrease with increasing 
electron withdrawal from the phenyl ring. 	In mechanistic 
terms, this is excellent evidence for the nucleophilic attack 
of the thiophosphoryl sulphur on the oxaziridine ring. 
There is much precedent in the literature for this phenomenon 
since it occurs whenever a reaction is directly dependent 
on the nucleophilic reactivity of the thiophosphoryl group 131 . 
Its effect is in clear evidence in our case when the 
reaction gOes to completion with tri--tolylphosphine sulphide, 
containing the electron donating methyl group, but when a 
strong electron withdrawing substituent is present, eg E-
cyano, the reaction is inhibited and only ca 1% of product 
is observed after 72 h. 	An additional explanation can be 
put forward to explain the substituent effect. 	If a positive 
charge is developed on phosphorus (Scheme 66), as in all the 
cases of nucleophilic reactivity, electron donation to the 


















(%) p-nitrobenzaldehyde oxaziridine phosphine phosphine 
(%) (%) sulphide(%) oxide 	(%) 
53 
31a 10 ' 	- 98 
60 
31a 5 - 93 
45 
31a 8 22 73 
29 
19b 44 30 68 
25 
20b 	- 54 56 34 
27 
27b 45 67 34 
'8 





3M excess of oxaziridine used 
a. by g.l.c. 	 b. from 'H nm.r. since oxaziridine decomposes to E -nitrobenzaldehyde on g.c. 






As expected from this mechanism the. yield. of imine parallels 
the change in yield of phosphine oxide (Table 25). 
Further information on the reaction was obtained when 
equivalent amounts of the phosphine sulphide and oxaziridine 
were employed (Table .26). 	As discussed in Section C.1 
oxygen is not the only site for riucleophilic attack.. 	The 
nitrogen atom is also susceptible, resulting in the rupture 
of the C-N bond of the oxaziridine and formation of E 
nitrobenzaldehyde. 	Together, the aldehyde and the imine 
account for all the unrecovered oxaziridine (Table 26) 
Interestingly though, attack at nitrogen seems less prone 
to a substituent effect. 	A possible explanation for this 
could be that no opportunity exists for stabilisation of a 
transition state unlike the case involving attack. at oxygen 
where electron donating substituents can stabilise the 
positive charge which develops. 
The results of these experiments show up fundamental 
differences between reactions of stable oxaziridines and 
reactions induced by the photolysis of heterocyclic N-oxides. 
Various a-substituted triarylphosphine sulphides were employed 
as substrates during the photolysis of 3-methylpyridazine 
2-oxide (Section B.3.2), however, the resultant yield of 
Table 26 
Yield of a 
	Yield of 	Unreacted b 
	Unreacted c  
Imine (%) p-Nitrobenz- Oxaziridine 	Phoshine 
aldehyde (%) 	(%) 	sulphide (%) 
73 	
25a 	 - 	 22 	 77 
71 	
24a 	 - 	 26 	 69 
60 	
15b 	 23 	 38 	 56 
33 	
24b 	 44 	 62 	 37 
35 	 20 	 42 	 66 	 34 
Triarvllhosphine sulphide 
R--_- P=S 








Equivalent amounts of oxaziridine and phosphine sulphide. 
a. by g.l.c 	b. from 1 H n.m.r. 	 c. by h.p.1.c. 
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phosphine oxide was not dependent on the substituent present. 
This contrasts with our results using stable oxaziridines 
where a substituent effect is very apparent. 	This does not 
of course, constitute as definitive evidence against the 
involvement of oxaziridines in the oxidation of substrates 
during the photolysis of heterocyclic N-oxides, due to the very 
fact that the intermediate oxaziridines which are postulated 
would be unstable and therefore any direct comparisons are 
only indicative. 
C.3..2 Substituent effect on rate of reaction 
The kinetics of the reaction between 2-methyl-3-E-nitro-
phenyl oxaziridine and various Q-substituted triaryiphosphine 
sulphides was followed, by 31 P n.m.r. at 40 C (313K) in 
deuteriochioroform. 	It was found. that a second order plot 
( 1 1y against t) was a reasonable straight line (Fig.8) . The 
reaction is thus second order in oxaziridine and phosphine 
sulphide and as suggested earlier, probably involves nucleo-
philic attack of the sulphur atom on the oxaziridine. 
The values in Table 16, p.134 for the rate constant show 
that the rate of reaction between the oxaziridine and the 
phosphine sulphide decreases with the decreasing electron 
donating power of the 2-substituent in the aromatic ring of 
the phosphine sulphide. 	Of course this has. a.direct bearing 
on the final yield of phosphine oxide (after 72 h reaction) 
as evidenced by the results discussed in Section C.3.1. 
It seems plausible that the initial step of the reaction 
is the nucleophilic attack of sulphur on the oxygen of the 
three-membered oxaziridine ring. • Electron-donating 
substituents in the para-position of the phenyl. rings of the 
phosphine sulphide would increase the nucleophilicity of the 
sulphur resulting in an increased rate of reaction and hence, 
an increased yield of phosphine. o Kide after a fixed time 
period (72 h). 
Methyl and methoxy su.bstituents are similar in their 
electron donating properties as shown by their Hammett 
values 272 , yet tri-- anisylphosphine sulphide exhibits a 
much higher rate of reaction with the oxaz.iridine than tn-
2-tolylphosphine sulphide.. This could be the result of the 
methoxy group entering into a direct resonance interaction 




M.eb LTJS ' 
(80) 




Indeed, the rate constants in Table 16, p.134, give a much 
better correlation (coefficient, r =-0.95) with Hammett 
values which take account of resonance interactions in the 
transition state rather than the normal a 
p 
 values (r = -0.64) 
which do not make this provision. 	Thus, our results can be 
viewed as indirect evidence for a positively charged 
phosphorus atom being present at some rate determining point 
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during the reaction. 	The methyl substituent would not be 
able to exhibit such a resonance interaction and hence the 
activation energy of the reaction between tri-2-tolylphosphine 
sulphide and the oxaziridine. would be greater. 
The substituent effect. which we have observed, compares 
favourably with the results of Davis etal. 
268  who found 
that electron rich olefins are. epoxidised faster than 
electron poor olefins. 
Tainagaki et al. 
262 have carried out a kinetic study on 
the reaction of a similar oxaziridine with tri-n-butylphosphine 
and as expected the more powerful nucleophile deoxygenated 
the oxaziridine at a much. faster rate than our thiophosphoryl 
compounds. 
C.4 The possibility of. nuc.leophilic attack at carbon 
During the course of the work described previously 
(Sections C.2 and C.3) , it became evident that a possible 
mechanism for the reaction. between oxazirid.ines and thio-
phosphoryl substrates may involve nucleophilic attack of 
the sulphur at. the carbon atom of the three-membered ring 
with formation of a penta-coordinated phosphorus species 
which could extrude a phosphoryl compound in an analogous 
manner to the pyrolysis of some phosphoranes 273275 , 
(Scheme 68). 	Formation of the phosphoryl compound provides 
the driving force for the reaction. 	A similar mechanism 
has been proposed for the reactions of epoxides with thio-
phosphoryl compounds, however, the presence of a strong acid 
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It is worthwhile at this point to discuss the term 
pseudorotation (Scheme 68) because of its importance in 
this section. 
The geometrical shapes of a trigonal bipyramid (TBP) 
and a tetragonal pyramid are closely related structures and 
each form can be transformed. into the other by a slight 
bond bending thereby indicating the stereochemical non-
rigidity of pentacoordinated structures. 	Berry 
276  was 
the first to notice this and he chose the term pseudorotation 
to describe the interconversion of a TBP structure, a, into 
a tetragonal pyramid structure and. thence into another TBP 











In simple form, this results in the interchange of two 
apical ligands with two of the three equatorial ligands 
without bond breaking. 
The necessity for a pseudorotation in our reaction 
(Scheme 68) can be explained by Westheimer's "extended" 
principle 277 which states that if a molecule or reactant 
enters a trigonal bipyramid at an apical position, this (or 
another) molecule or reactant must likewise leave the trigonal 
bipyramid from an apical position. 
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To try and substantiate the mechanism proposed in 
Scheme 68 we used two methods of approach. 	The first 
method was to investigate the stereochemistry of the reaction. 
The second was to choose advisedly a thiophosphoryl substrate 
which on reaction gave an intermediate phosphorane which was 
very slow to pseudorotate, thereby, enabling identification 
by 31 P n.m.r. 
Insight on the mechanism. of this reaction. should be 
gained from the use of optically, active thiophosphoryl 
compounds. 	Apical intramolecular nucleophi.lic attack at 
phosphorus by the 0 group. in the chiral phosphonium salt 
may lead to the phosphorane (Scheme 68). 	Recent analysis 
by Mislow et al. 
278 , on the stereochemical consequences of 
similar systems indicated that retention of configuration 
at phosphorus can be expected when the phosphorus. atom is 
incorporated in a small ring. 	Thus, we found. that 
(S)_(-)-methylphenyl--ProPY1PhoSPhifle sulphide ([1 D_15.7 ° ), 
on reaction with a.:twofold excess. of 2_methyl_3--nitrOpheflYl 
oxaziridine was converted into the (S)-(-)-oxide with 
11 D_12.8 °  after purification by chromatography on alumina. 
The reaction proceeds with retention of configuration 
(Section D.4.2) and would seem to be in agreement with 
mechanism of •Scheme 68 and the results of Mislow et al 278 
The second method of approach to substantiating the 
mechanism (Scheme 68) was to use a thiophosphoryl compound 
which would facilitate detection of the intermediate phos-
phorane or at worse inhibit the reaction. 	2-Thiono-2- 






The methodology behind this choice is. based on two known 
facts. 	Firstly, the more strongly electronegative ligands 
of a pentacoordinate phosphorus species preferentially occupy 
the apical positions of a trigonal bipyramid whereas the less 
electronegative (or more electropositive) ligands occupy the 
equatorial positions of a trigonal bipyramid (polarity rule) 279 . 
Secondly, it can be shown that ring strain is much-lower if the 
five membered ring is connected in the axial-equatorial manner 
than for diequatorial ring connection. 
For these two reasons, pseudorotation processes in the 
trigonal bipyramid (82), if formed in the reaction of the 
oxaphospholane (81.) with 2-methyl-3--nitropheny1 oxaziridine 
would be strongly hindered. 
N 
/P h I 
OD 
(82) 
To qualify this statement, each pseudorotation process 
would place at least one aryl or alkyl group in a non-
favoured apical position and at the same time would position 
the two strongly electronegative oxygen atoms equatorially, 
which is rather unlikely. 	Furthermore, we must consider the 
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special steric requirements of a five-membered-ring structure. 
The angle at phosphorus in five-membered ring systems is 
about 108° , ie intermediate between the 900 angle of idealised 
axial-equatorial bond angles and. the 120 ° angle of the 
idealised equatorial-equatorial bond angles of trigonal bi-
pyramid geometry. 	If. a.. five-membered ring were placed 
diequatorially in a trigonal bipyramid, either the 108 ° bond 
angle would have to be widened to 120 ° giving rise to 
considerable ring strain,, or the diequatorial bond angle of 
the trigonal bipyramid would. need to. be reduced to the 108 ° 
angle of the five-membered ring, system, both processes being 
unlikely because of the high energy requirements. 	Thus, 
the pseudorotation of intermediate (82), formed from the 
reaction of the oxaphospholane with the oxaziridine and which 
would contain two five-membered rings positioned axial-
equatorial would again be strongly inhibited as any such 
pseudorotation would require a five-membered ring to pass 
through a diequatorial. stage. 	The overall conclusion from 
this discussion is that the oxaphospholane is an ideal 
substrate to attempt the detection of. the possible intermediate 
(82). 	Indeed, for compounds with similar electronegativity 
considerations and steric requirements, pseudorotation is 
restricted at room temperature 280 ' 281 , and this. leads to 
'H n.m.r. data which suggests a single "frozen" trigonal 
bipyramid structure. 
So, the thiono-oxaphospholane (81) can justifiably be 
used to test the mechanism.. proposed in Scheme 70. 	If the 
mechanism is correct the pseudorotation step will be inhibited, 













The thiono-oxaphospholane and the oxaziridine were 
combined on an n.m.r. scale in deuteriochioroform and kept 
at 40 °C. 	The reaction was monitored by 31 P n.rn.r. but no 
intermediate was observed. 	Instead, the thiophosphoryl 
compound was smoothly converted into the phostone (83). 
Despite our findings on the stereochemistry of the reaction 
the result from this experiment is regarded. as strong 
evidence against the postulated mechanism shown in Scheme 68. 
For completeness, the reaction was repeated. when the oxygen 
source was the photolysis of 3-methylpyridazine 2oxide. 
Again, the only product that was observed was the phostone 
(83) 
An oxygen abstraction reaction such as that described 
earlier (Section C.2) would certainly explain our inability 
to observe any intermediate when using the thiono-oxaphos-
pholane substrate. 	Herriott has suggested an S-oxide 
intermediate (84) when explaining the retention reaction 
of thiophosphoryl compounds with peracids and this would seem 




and concomitant or successive loss of sulphur would produce 
the phosphoryl compound with retention of configuration just as 
we have observed, and without. proceeding through an inter-
mediate such as (82). 
The mechanism would involve intramolecular. nucleophilic 
attack on the phosphorus atom of the thiono-oxaphospholane 
by an 0 ion. 	Pentacovalent intermediatmay be present 
here, one pseudorotation process being required. in order not 
to infringe Westheimer's extended principle 277 : if apical 
attack by the 0 ion is assumed, the necessary apical 
departure of sulphur can only result if one pseudorotation 
occurs. 	This principle applies to pentacoordinate inter- 
mediates with trigonal bipyramid geometry. 	Such a 
pseudorotation would be disfavoured in energy terms in the 
possible intermediate (85) formed. from the reaction of the 
thiono-oxaphospholane (81) since this process would bring 
the two strongly electronegative oxygen atoms into unfavoured 
equatorial positions and in addition, the five-membered ring 
would have to pass through a diequatorial stage. 	Despite 
6 5 
(85) 
this, the reaction still proceeds. 	There must be considerable 
C. I .1 
distortion from trigonal bipyramid geometry in (85) and 
this may account for the non-applicability of Westheimer's 
principle. 
It is probable that the. relief of ring strain with the 
loss of sulphur is the dominant factor in. governing the 
course of the reaction. 	There may be no possibility of 
pseudorotation processes and. sulphur could leave from an 
equatorial position. 	Without. pseudorotation,. there would 
be no racemisation and hence., complete retention of configura-
tion. 	With such a mechanism, it is not surprising that no 
intermediate was observed when continuously monitoring the 
reactions by 31 P n.m.r. for periods up to 12 h. 
C.5 Summary 
The work in this section. does not give conclusive 
evidence for the involvement of oxaziridines in the oxidation 
of thiophosphoryl substrates during the photolysis of hetero-
cyclic N-oxides, however, based on our observation, it can 
now be said, with more confidence., that an oxaziridine formed 
as an intermediate in the photolysis would be capable of 
the oxidation if it possessed a. long enough lifetime for 
the bimolecular reaction to occur. 	Furthermore, our results 
demonstrate that suitably chosen oxazir.idines can transfer 
their oxygen atom to substrates which are similar to those 
involved in the enzyme catalysed oxidation of phosphorothionate 
pesticides. 	This is important in view of the proposal 295 
that the active site of the flavin dependent mono-oxygenases 
is an oxaziridine. 
D. 	Stereochemistry of Thiophosphoryl to Phosphoryl 
Oxidation 
D.l Introduction 
As indicated in Section .C.4 the investigation of the 
stereochemistry of reactions involving a coordinated phosphorus 
atom is important when trying to establish or substantiate a 
mechanism. 	This applied to. our investigation into the 
mechanism for the thiophosphoryl to phosphoryl... 
conversion observed with the N-oxide (hv) and oxaziridine 
systems. 	Conclusions would be drawn. depending on whether 
the oxidation proceeded with retention or inversion of 
configuration. 	These experiments, of course,. required the 
preparation of optically active substrates. 
D.2 Preparation of Optically Active Thiqphosphoryl. Compounds 
D. 2. 1 Phosphinothioate 
A survey of the literature in this area revealed that 
the majority of work has involved menthyl.methylphenyl-
phosphinothioate and the corresponding phosphinate. 	The 
reason for this seems to. be three-fold. 	The compounds are 
easy to prepare, diastereomers can be easily separated and 
rather conveniently, diastereomers can be distinguished 
simply from their 'H n.m.r. spectra. 	This last factor 
enables an additional purity check to normal optical activity 
measurements. 	An example of the use of such compounds is 
given by Herriott when investigating the stereochemistry of 
65 the peracid oxidation of thiophosphoryl substrates. 
l(2 0 Hz 
FIG.3 'H N.m.r. spectrum (0-3) of (R)P-Menthyl 
methylphenylphosphinothioate 
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FIG.4 'H N.m.r. spectrum (0-35) of (S)P-
Menthyl methylphenylphosphinothioate 




Menthyl methylphenylphosphinothioate,. used in our study, 
was prepared as a. mixture by the reaction of racemic methyl-
phenyiphosphinothiochioridate with 1-menthol. Crystallisation, 
from n-hexane, of the neat oil, afforded diastereomer (86) , 
[c 9 -47.1 (c 4.6,, benzene). 	A pure sample of the other 
diastereomer (87), (c]D22 -7.5 
0 Cc 1.1 benzene), was 
fortuitously obtained by slow, careful cooling of a small 
portion of the mother liquors. 	The two forms. can easily be 
distinguished from observations on. the 60-2.0 region of their 
'H n.m.r. spectra shown in Figs 3 and 4. 	The n.m.r. (CDC1 3 ) 
of (87) features the P-methyl doublet at 62.. 05 and a C-methyl 
doublet at 60.45. 	The n.m.r. spectrum (CDC1 3 ) of (86) is 
different because the P-methyl doublet. is further. - 
 
' - field 
at 61.96 and all the C-methyl doublets are in the region 
60.63-1.06. 	Korpiun and Mislow 233 have established that a 
high-field chemical shift for a C-methyl.group in one 1-menthyl 
alkyiphenyiphosphinate epimer is characteristic of the S 
configuration at phosphorus. 	The (S)P-phosphinate (89) also 
exhibits a higher chemical shift for the P-methyl group than 
does diastereomer (88) . 	On this basis, Herriott ° equated 















As a direct result of these spectral differences a stereo-
chemical investigation was. carried, out into the reaction of 
2-.methyl-3-7nitrophenyl. oxaziridine with. the chiral 
phosphinothioate as the substrate solely by 'H n.m.r. 
Similarly, 3-methylpyridazine 2-oxide. was photolysed in the 
presence of the chiral phosphinothioate and. inferences were 
made as to the stereochemistry of the reaction by observations 
on the resultant 'H n.m.r. spectrum. 
D2.2 Phosphine sulphide 
Since many of the thiophosphoryl substrates which had 
been used. in the oxaziridine and. N-oxide oxidation systems 
were in fact triaryiphosphine sulphides, it still remained 
to investigate the stereochemistry of the reactions when 
the substrates. were chiral. phosphine sulphides. 
An unsuccessful attempt was made to convert, the chiral 
phosphinothioate (86) to a chiral phosphine sulphide by a 
displacement reaction. with n-propylrnagnesiuzn. bromide in an 
analogous manner to that reported for.a chiral.phosphinate 
to chiral phosphine oxide conversion 229 . 	The experiment 
resulted in the isolation of a compound with the correct 
analysis and spectra but with a very low specific rotation, 
[]22 +0.265° (lit. 	[aID  +22 0 ). 	It .has been reported 
that a limitation of this stereospecific synthesis is its 
extreme sensitivity to variations of the groups on phosphorus 
and oxygen. 	A chiral phosphine sulphide, (-)-(S)-Methyl- 
phenyl-n-propylphosphine sulphide [aI3 -15.7° , was eventually 
0 Hz 
0 
C 6 H 5 ,,U 








FIG.,5 'H N.m.r. spectrum (0-36) of reaction 
between (S)P-phosphinothioate and 2- 
methyl-p-nitrophenyl oxaziridine 
2•O 	 1•0 	 1 -  
FIG.6 'H N.m.r. spectrum (0-36) of isolated 
(R) P-Menthyl methyiphenyiphosphinate 
2O 	 1•0 
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prepared by a literature method involving first the 
preparation of a chira]. phosphinate (89) followed by stereo-
specific deoxygenation with. hexachiorodisilane and reaction 
with elemental sulphur. 
D.3 Oxidation of Optically.Active Thiophosphoryl 
Substrates with Oxaziridines 
D. 3. 1 Phosphinothioate 
The oxaziridine, 2-methyl-3--nitrophenyl oxaziridine 
and the :(S)Pphosphinothioate were combined on an n.m.r. 
scale in deuteriochioroforra and heated. at 40 °C for 92 h 
after which the reaction was ca. 90% complete (from 31 P n.m.r) 
The 'H n.m.r. spectrum (Fig.5) of the crude reaction mixture 
was then run and the extent and stereochemistry of the 
reaction were conveniently determined from the P-methyl 
signals in the spectrum. 	Firstly, the signal occurs further 
upfield for the phosphinate compared. to the corresponding 
phosphinothioate . 	Secondly, the signal for the P-methyl 
group in the (R)P-phosphinate is. at a lower chemical shift 
(1.656) than the (S)P-phosphinate (1.706, Fig.7). 	For these 
reasons, it was concluded that Fig.5 shows a.predominance of 
(R)P-Menthyl methyiphenyiphosphinate and thus. the reaction 
has proceeded with a high degree (ca 95%) of retention of 
configuration at phosphorus. 	This spectrum can be contrasted 
with Fig.7 which shows the 'H n.m.r. of a pure sample of the 
other isomer, (S)P-phosphinate obtained at an.. intermediate 
stage during the synthesis of the chiral phosphine sulphide. 
1 ' 
M+ 
FIG.7 'H N.m.r. spectrum (0-36) of pure (S)P-Menthyl 
me thy ipheny iphosphin ate 
CH•3, U 
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D.3.2 Phosphine sulphide 
A solution of the same. oxaziridine as above and (-)- 
(S) -methylphenyl-n--propylphosphine sulphide in dichioromethane 
was heated under ref lux for 72 h. 	From the reaction mixture, 
was isolated -nitrobenzaldehyde, -nitrobenzylidene-methy1-
amine and (-) - (S) -me.thylphenyl-n-propylphosphine oxide, 
[a] 3 -12.80 (C 1.05, methanol), the expected products from 
attack by nucleophilic sulphur at the nitrogen and oxygen 
atoms of the oxaziridine. 	The' starting phosphine sulphide 
228 was 71% optically pure 	. 	The product phosphine oxide is 
229 64% optically pure 	. 	Therefore, the reaction shown in 
Scheme 71 proceeds with ca 95% retention of configuration at 
phosphorus. 
,O\ 	 /C3H7 
NO 2K CH—NMe + SPHHICH 3 —* ArCHNMe + 0— "CH3 +[s] 
C5H 5 	 C6 H 5 
Scheme 71 
D.4 Oxidation of Optically Active Thiophosphoryl Substrates 
by the Photolysis of 3-Methylpyridazine-2-oxide 
D.4.1 Phosphinothioate 
As in the case of oxidation with an oxaziridine, when 
3-methylpyridazine 2-oxide was photolysed in the presence of 
(S)P -menthyl methylphenylphosphinothioate, the product 
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phosphinate showed retention of configuration (Ca 90%) at 
phosphorus. 	This was again conveniently determined from 
the 'H n.m.r. although the. product had. to be isolated because 
of the complexity.of the spectrum of the crude reaction 
mixture. 	The spectrum (Fig.6) compares-well with Fig.5 
obtained from the oxidation of. the same phosphinothioate with 
an oxa.ziridine. 	The position. of the P-methyl signal (1.65) 
is identical in both spectra and is indicative of the (R)P-
phosphinate. 
D.4.2 Phosphine sulphide 
The photolysis of 3-methylpyridazine 2-oxide in the 
presence of (-)-(S) methylphenyl-n-propylphosphifle sulphide 
resulted in the two products, 3-methylpyridazine and (-)-(S) 
methylpheriyl-n-propylphOsphine oxide, [ct] - 6. 10 (1.50, 
methanol) which were both. isolated.. 	The phosphine sulphide 
was 71% optically pure. 	The product phosphine oxide was 31% 
optically pure. 	Therefore,. the reaction shown in Scheme 72 
proceeds with ca 72% retention of configuration. at phosphorus. 
CH3Q /C3H7 h- 	 C3H7 + S=PSIUCH3 	 L CH3 	 + OPSISUCH 




Oxidation of an optically active thiophosphoryl 
substrate by an oxaziridine proceeds with a very high degree 
of retention (ca 95%) at phosphorus. 	There appears to be 
two possible mechanisms.. to account for this, (Scheme 73), 
however, from considerations discussed. in detail. in section C.4 
it is unlikely that the mechanism involves nucleophilic 
attack of the sulphur atom at the. carbon. of the oxaziridine 
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A more plausible mechanism is a simple abstraction of the 
electrophilic oxygen by the nucleophilic sulphur followed 
by ring closure with concomitant or subsequent loss of 
sulphur. 	This is an example of intramolecular nucleophilic 
attack on an intermediate phosphonium centre resulting in 
retention of configuration, for which there is much precedent 
in the literature 279 . 	Evidence was presented in Section 
C.3.2 for the development of a positive charge at phosphorus 
during the reaction. 	A general postulate by Mislow et al. 278 
on the stereochemical consequences of similar systems states tha 
retention of configuration at phosphorus can be expected when 
pseudorotation. 
0 I -. 
S 
- P.'.'\.' 
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the phosphorus atom is incorporated in a. small ring. 	A 
well known example of th.is.is the classic.W.ittig reaction 279 , 
involving an intermediate such as (90) and in general for the 
R4 







phosphoranés involved, retention of configuration results, 
provided that no pseudorotation processes are involved other 
than that necessary to fulfill Westheimer.'s extended principle 27'
by placing the leaving group in the axial position. 	A 
particularly relevant example is. that by Mislow et al. 
278 who 
showed that oxidation of chiral methyl-n-propylphosphine with 
bis(2-hydroxyethyl) disulphide proceeded with nearly complete 
retention of configuration at phosphorus, presumably via an 
intermediate with phosphorus. in a five-membered ring. 	In our 
case a similar mechanism for the oxygen abstraction can be 
visualised (Scheme 74). 
CAN, 	 C6 H5 , 	0 
+ ArCHNMe CH31'S + ArCH—NMe 	CH34 
C3H7 	 . 	 C 3 H 7 
Scheme 74 
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The intermediate phosphorane (91) formed by ring closure 
might pseudorotate., so as. not to. infringe Westheimer's 
extended principle 277 , before collapsing to the phosphine 
oxide with nearly complete retention of configuration. 
When pseudorotation was strongly inhibited by using the 
thiono-oxaphospholane (81). the reaction still proceeded with 
formation of the oxaphospholane oxide.. 	The pseudorotation 
process may not, therefore,. be a prerequisite for the oxida-
tion reaction to occur.. As mentioned previously the 
increased ring strain may overrule the principle in this 
case and give way to the strong driving force from the 
formation of a phosphorus-oxygen double bond... . Because of 
the high degree of retention (ca 95%) which we observed in 
the reaction, consecutive. pseudorotation processes (which 
would result in racemisation). can almost certainly be ruled 
out. 
So, just as attack by an external nucleophile on 
phosphorus iV1 a phosphetane or phospholane system leads to 
retention of configuration 2.79, intramolecular nucleophilic 
attack on phosphorus in an acyclic system also leads to 
predominant retention of configuration whenever a three, 
four or five-membered phosphorus containing ring system is 
formed at the intermediate stage of the reaction. 
Oxaziridines, therefore, add to the relatively few 
reagents which have been shown to accomplish the stereospecific 
conversion of thiophosphoryl. compounds into phosphoryl 
compounds. 
When 3-methylpyridazine 2-oxide was photolysed in the 
presence of a chiral phosphine sulphide there was some loss 
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of optical activity on oxidation of the suiphide with only 
72% retention of. configuration at phosphorus. 	This is in 
contrast to the near complete retention obtained by oxidation 
with the oxaziridine and these. results may indicate possible 
differences in the mechanism of oxidation of. the two systems. 
In theN-oxide case the situation is complicated by the 
possibility of two different. oxidants being generated on 
photolysis. 	The two possibilities are "oxene" or an inter- 
mediate oxaziridine and Scheme 75 shows a possible mechanism 
for their formation on photolysis. 
 CN Nil  
CH 3-,) 	 CH,) 
c!; b( 	 CH3_() 
0-N—N 
Scheme 75 
If the oxaziridine was solely responsible for the oxidation 
of the phosphine sulphide one might expect complete retention 
of configuration at phosphorus by analogy with the result. 
for 2-methyl--3--.-nitrophenyl oxaziridine. 	Since this is not 
the case it is worth considering how a contribution from the 
other oxidant, "oxene", might cause this partial inversion 
of configuration. 	A remote possibility could involve 
nucleophilic attack of the oxygen atom on the phosphorus 






	 C3 H7 
S=PIICH 3 	 S-P-O H3=° 
C6H5 	 - CH 3  C6H5 	 C6H5 
(-)-(s) 
Scheme 76 
This seems unlikely in view of the polarisation of the 
thiophosphoryl bond and the many analogies which have been 
drawn between "oxene" and the electrophilic, electroneutral 
carbenes and nitrenes. 	Phosphine sulphides have been 
oxidised by peracids with inversion of configuration but this 
involved prior protonation of the sulphide with trifluoroacetic 
acid. 	Clearly, the mechanism of oxidation on photolysis of 
the N-oxide and the origin of this novel partial reversal of 
stereochemistry merits further study.. It is interesting to 
note that our photolysis experiments with the chiral phosphino-
thioate substrates did not show any significant differences 
from the results obtained with oxaziridines and this may 
indicate the deficiencies of determining the stereochemistry 
of a reaction using thi-s substrate. 
To our knowledge the stereochemistry of the phosphoro-
thionate to phosphate conversion of organophosphorus pesticides 
using mono-oxygenase enzymes has not been investigated. 	This 
is an important area for future work since the results of such 
a study would provide a further criterion with which to judge 
these model systems. 
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E. 	Application of the Three Phase Test to the 
Photolysis of Heterocyc lic N-Oxides 
E.1 Introduction 
As already discussed in-detail, the oxidation of 
thiophosphoryl compounds during the photolysis of hetero-
cyclic N-oxides could proceed by either of the pathways 
shown in Scheme 77. 	Although there has been general 
agreement that this photolysis represents one of the most 
satisfactory mechanistic models of biological oxygen atom 
transfer reactions catalysed by mono-oxygenases, there has 
been considerable debate recently as to which of the two 
pathways is correct. 






U_ 	 Ph3PS 	
3CN 
C H 	+ Ph 3PO 
0-N-N 	 -N 
Scheme 77 
This is the type of problem encountered frequently with 
model systems. 
"Oxene" has been postulated by various authors as the 
intermediate responsible for the oxidation, but no convincing 
evidence was provided for its existence. 	When similar 
problems have been encountered in the past, for example, in 
proving that singlet oxygen is liberated during a reaction, 
the use of the "Three Phase Test" has, on certain occasions, 
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been successful in overcoming them. 	Although. in our case 
the test ran up against.many practical difficulties, which 
eventually forced us to abandon the study, the rationale 
behind our method will be described. 
E.2 Three Phase Test 
If a free intermediate, generated. from a. precursor, is 
suspected of being responsible for a reaction then a method 
of substantiating this is the use of the "Three Phase Test" 
developed by Rebek287 . 	In our case the suspected free inter- 
mediate is "oxene" generated. during the. photolysis of a 
heterocyclic N-oxide. 	The subsequent reaction is oxidation 
of a thiophosphoryl substrate. 
Rebek has reasoned that, if the reaction still proceeds 
after attaching the precursor for the intermediate to an 
insoluble polymer and the substrate to a second such polymer, 
then the isolation and. characterisation of the reacted 
substrate would provide positive, evidence for the liberated 
free reactive intermediate (Scheme 78). 
®-Precursor 




It was considered that this test could be applied to 
the photolysis of heterocyclic N-oxides in the presence of 
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thiophosphoryl substrates. 	The precursor would be a 
polymer bound heterocyclic N-oxide and the trap., a polymer 
bound thiophosphoryl compound. 	Any detection. of the corres- 
ponding polymer bound phosphoryl. compound would be strong 
evidence in favour of the oxidation of thiophosphoryl 
compounds by "oxene" rather than the much postulated oxaziri-
dine, formed by rearrangement of the N-oxide. The liberating 
"agent" in this case would in fact be photolysis of the 
suspension. 	This is not the first.. case in which a.photo- 
chemical reaction has involved the use of a polymer bound 
compound since polymer bound. photosensitisers have been 
employed successfully on several occasions. 
Rebek, however, does make several provisions on the 
use of the test. 	For example, it is clear that the type 
of intermediate amenable to study is limited by its reactivity. 
Very short-lived species such as free methylene would not 
be expected to escape the polystyrene matrix without 
reaction. 	It remained to observe whether "oxene" was 
similar to methylene in this respect, however, the test was 
seen as the only possible way of proving the existence of 
"oxene" and its role in the oxygenation of thiophosphoryl 
compounds when photolysed with heterocyclic N-oxides. 
E.3 Synthesis of the Polymer-Bound Thiophosphoryl Compound 
From Scheme 79 it is clear that in our case the Rebek 
test would rely on the detection of the polymer bound phos-
phoryl compound at the end of the reaction. 	Since our 
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(~ + Phosphoryl Product 
Scheme 79 
n.m.r. and h.p.l.c.. it was necessary to ensure that the 
product linked to a polymer could be easily separated and 
isolated to enable identification by these techniques. 	It 
was also important to establish that the cleavage conditions 
employed did not result in any alteration of the product. 
Techniques such as i.r., combustion analysis and 
titration have been used to characterise polymers but in our 
case they would not give conclusive evidence for the identity 
of the polymer bound product. 
E.3.1 Ester link 
The first link to be adopted was an ester. The polymer 
was synthesised by the reaction of a polymer bound carboxylic 
acid with a suitable thiophosphoryl compound containing the 
necessary alcohol function. 
The acid group was easily built onto the polymer by 
lithiation of brominated. polystyrene followed by formylation 
and finally acetous chromic acid oxidation of the polymer 




A suitable thiophosphoryl compound was hydroxymethyldi-
phenylphosphine sulphide (93) for which the corresponding 
phosphine had been prepared by Trippett 210 several years 
previously. 
C 11 +2 20H 
 
When (93) was heated with benzoyl chloride in pyridine, a 
good yield of Benzoyloxymethyldiphenylphosphine sulphide 
was obtained. 
11 	11 
X-aC-O-CHi- . P 
'0. X=H (94) 
=® (9 5) 
The reaction was repeated, but this time using the acid 
chloride of 4- ® -Benzoic acid instead of benzoyl chloride. 
The resultant polymer (95) was analysed for phosphorus and 
sulphur content, from which the amount of polymer bound 
thiophosphoryl compound was calculated to be. ca 1.36 mmol/g. 
After preparing the polymer (95) a major problem was 
encountered. 	Our original intention was to incorporate an 
easily cleaved bond between the phosphorus compound and the 
polymer, however rather surprisingly, the ester link in (95) 
was not easily hydrolysed, and indeed under forcing conditions 
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the polymer gave a diversity of phosphorus containing 
products. 	This was a. far from satisfactory situation when 
one considers that any polymer bound product would be formed 
in low yield and would therefore require a clean, efficient 
cleavage from. the polymer. 
E.3.2 Ether Link 
Frechet and Nuyens 215 have suggested that a polymer 
bound trityl ether should be cleaved easily in acid medium 
in common with normal trityl ethers. 	The authors went on 
to use this property to their advantage during the selective 
functionalisation of polyhydroxy alcohols when bound to 
polymeric trityl chloride. 
As a direct consequence of these encouraging results we 
tried to overcome the problem encountered . in. E. 3. 1 by synthesis-
ing a polymer bound thiophosphoryl compound that. contained a 
trityl ether linkage. 	Initially, the synthesis and cleavage 
reactions were attempted off the polymer. 	The reaction of 
trityl chloride with hydroxymethyldiphenyiphosphine sulphide 
gave the trityl ether (96) in. high yield and, as hoped for, 
brief contact of (96) with dry gaseous hydrogen bromide gave 
efficient cleavage into trityl bromide and the starting 
alcohol (Scheme 80). 
	
1jJ 	
11 	 HBr 	 11  0- CH2- cc14 X-TrBr + HOC H 
C__1 JJ 	X=H (96) 
=®   (97) Scheme 80 
231 
A similar procedure was adopted for the cleavage of 
polymer bound trityl ether (97). 	Although the reaction 
required longer contact time with the acid, a good yield 
(66%) of the alcohol was obtained. 	There was no contamination 
of the product with any corresponding phosphine oxide which 
would be detrimental to the three phase test. 
E.4 Synthesis of. the Polymer Bound Heterocyclic N-Oxide 
The most successful.of all the heterocyclic N-oxides 
tried for photochemical transfer of oxygen to a thiophosphoryl 
substrate was 3-methylpyridazine 2-oxide.. Therefore, the 
synthetic target was to attach. a. very similar N-oxide to a 
functionalised polystyrene.. 	It was again desirable that the 
pyridazine function be detachable from the polymer at the 
end of the reaction so that the efficiency of photochemical 
deoxygenation could be determined,, however, in this case it 
was not essential. 	The first link to be adopted was an 
ester. 	The polymer was synthesised by the reaction of the 
polymer bound benzoic acid (92) with a pyr.idazine N-oxide 
containing an alcohol side chain. 	Suitable compounds were 
3-hydroxymethyl pyridazine N-oxides (98) and (99) which had 
not been prepared previously. 





E.4.1 3-Hydroxymethyl-6-methYlPYridaZifle N-oxide 
Pyridine N-oxides containing an ct-alkyl group when 
treated with acetic anhydride are converted, into ct-acetoxy-













Hydrolysis of the product would give the heterocyclic 
ring substituted in the ct-position by a hydroxymethyl side 
chain. 	Thus, a similar reaction on a pyridazine nucleus 
would yield the precursor for the compound which was required. 
From 3,6-dimethylpyridazine N-oxide was obtained a low yield 
(13%) of 3-acetoxymethyl-6-methylpyridaZifle by reaction with 
acetic anhydride. 	As a result of this low yield a modified 
procedure was employed. 	By using trifluoroacetic anhydride 
the yield of ester was increased to 79%. 	Subsequent hydrolysis 
of the ester gave 3-hydroxymethyl-6-methylPyridaZifle which 
was easily oxidised to the N-oxide (Scheme 82). 
The unsubstituted form, 3-hydroxymethylpyridazifle was 
prepared by a modified version of a known method and converted 




_>CHr-O__CF3 CH3 	 CH3 
N-N 
_________ 	 OH 




Both hydroxymethylpyridazine N-oxides were easily 
converted into their benzoyl derivatives (100), (101) so 
no problems were anticipated when trying to attach these 
compounds to polymer bound benzoyl chloride. 	Each N-oxide 
was heated with the acid chloride of 4- -Benzoic acid 
and from the. nitrogen analysis of the resultant polymer the 
amount of bound pyridazine was calculated to be Ca 0.6-0.9 
mmol/g, (102), (103). 
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In an attempt to increase the loading of the N-oxide 
on the polymer an alternative method was tried. 	By analogy 
with some known reactions of 4-picoline 218 , it was judged 
that the methyl protons of 3-methylpyridazine may be labile 
enough to be abstracted by a strong base, such as sodamide. 
This presented the possibility of attaching the N-oxide by a 
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nucleophilic displacement reaction on a suitably functionalised 
polymer. 	For example, chloromethylated polystyrene was 
utilised as shown in Scheme 83. 
—* 	 C H 2C 
H<\N+ 
 N aC I 
-  
CH2-< T + 	N-N 	 (104) 
Na 
Scheme 83 
The use of this reaction resulted in polymer (104) 
with an increased loading of the pyridaz.ine function (2.04 
rnmol/g) over the previous method which involved the formation 
f the ester linkage. 
After this encouraging result, it was decided to test 
the generality of this method of attachment. As a consequence 
of observing good oxygen atom transfer from. the photolysis 
of 2-cyanopyridine N-oxide., an attempt was made to attach 
2-cyano-4-methylpyridine to chloromethylated polystyrene 
to give (105) by the same method as above.,, however, in this 
case a disappointingly low level of loading on the polymer 
was achieved. 
- 	 CH2_CH.2-(*J 
(105) 	
CN 
A further attempt was made to attach a pyr.idazine nucleus 
to a polymer. Itai et al. 
219  have reported a novel reaction 
between benzaldehyde and 3-methyipyridazine N-oxide in the 
235 
presence of sodium methoxide to give 106, Scheme 84. 
OH 
CHO + CH 3 	-* 	 CH 2) 
N-N 
0- 
R H (106) 
RCH=CH 




Thus we considered that by utilising a polymer bound 
benzaldehyde the pyridazine N-oxide would become attached 
to the polymer (107). 	Unfortunately, the loading achieved 
by this reaction was again very low. 
E.5 Photolysis of PoLymer bound Pyridazine N-Oxides in 
the presence of Thiophosphoryl Substrates 
It was very important to establish that the photolysis 
of the polymer bound N-oxide resulted in efficient transfer 
of oxygen to the substrate in solution first, before 
proceeding with the three phase test which would involve a 
polymer bound substrate. 	Clearly, the test would not be 
viable unless substantial reaction occurred with the substrate 
in solution. 
When the polymer, 3-(4 1 -(D -benzoyloxymethyl)pyridazine 
N-oxide was photolysed under various conditions in the presence 
of a soluble thiophosphoryl trap, no oxygen transfer to the 
substrate was observed. 	This could be due to either of two 
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reasons. 	Firstly, ultra-violet light was failing to reach 
the N-oxide attached to - the-inside. of the hydrocarbon matrix 
or secondly, "oxene".did-not escape the polystyrene matrix 
without reaction because it is a short-lived and.very reactive 
species. 	In either case this result ruled out the use of 
this N-oxide in the three. phase test. 
When using the alternative polymer bound substituted 
N-oxide 3-(4 1 -(Z) -benzoyloxymethyl) -6-methylpyridazine N-oxide 
in the photolysis reaction, trace amounts of.phosphine oxide 
product (1.7%) were observed, however, this small amount of 
reaction would not render a three phase test viable. 	It 
was also noticed that the percentage weight of nitrogen for 
the polymer decreased on photolysis, thereby indicating 
possible cleavage of the ester link to the polymer. 	This 
occurrence would also invalidate any result from a three-
phase test as any N-oxide cleaved, from the polymer would 
then be free to react in. solution. 
To try and overcome these problems another polymer, 
3-(4 1 -(D -phenethyl)pyridaZifle. N-oxide was used. in which the 
carbon-carbon bond link to the polymer should be 1CSS easily 
cleaved. . by UV light. 	The use of this polymer had the 
added advantage of a higher loading of N-oxide. 	Photolysis 
of this polymer in the presence of tri_E_anisylphosphine 
sulphide resulted. in a slightly better. yield (5%) of the 
corresponding phosphine oxide. 	No meaningful results could 
be obtained from a three... phase test involving such a low 
level of oxygen transfer for the following reasons. 	A 
negative test ie no observation of a phosphoryl adduct may 
only be due to the reactive "oxene" failing to escape from 
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the polystyrene matrix. When one considers that during 
the three phase test,. for "oxene" to react with the polymer 
bound phosphoryl compound the intermediate would have to 
pass through a second polystyrene.matrix, the feasibility of 
the test becomes remote. 	Thus, the study was abandoned at 
this stage, however, the test.still remains as the only 
forseeable way to conclusively demonstrate.that oxidation 
of substrates during, the photolysis of heterocyclic N-oxides 
proceeds by way of a free intermediate, rather than an 
excited state or rearrangement product. 	Hence, until such 
time that an alternative method. is- found, further work on 
this three phase test would be very, worthwhile. An 
appropriate polymer bound thiophosphoryl compound with the 
correct properties has been-synthesised. 	It only remains 
to find a suitable polymer bound N-oxide. that gives rise to 
substantial deoxygenation on photolysis for the test to 
proceed. 
F. 	The Photo-sensitised. Oxidation of Diazo Compounds and 
Oxygen Transfer to Thiophosphoryl. Substrates. 
F.1 Introduction 
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As discussed in the introduction Hamilton has suggested 
that certain reactions catalysed by the mono-ox.ygenase 
enzymes occur by an oxygen transfer or "oxenoid" mechanism. 
This suggestion led a search for model systems which mimic 
such a mechanism and Hamilton 
73,  himself has shown that 
carbonyl oxides (108) produced by oxidation of 9-diazofluorene 
and diphenyldiazomethafle can serve as a model for the enzyme 
in that they are capable of oxidising hydrocarbons to alcohols 
and carbonyl compounds. 	The structure was later confirmed 
by its trapping with an aldehyde to give an ozonide 288 (Scheme 85 
Support for the viability of such a model was provided by 
Jerina et al.. 78 when they demonstrated that these systems 
were capable of the 'NIH' shift. 
0-0 
[01 
1CN 2 	[C6_o \  
(108) 	 so + )c=o 
S: Substrate 
Scheme 85 
In all of the early cases carbonyl oxides were produced 
under ozonolysis conditions but reactions carried out in this 
way have many complicating factors such as the strong com-
petition of product aldehydes for carbonyl oxides. 	The 
suggestion that photooxidation of diazo compounds could 
produce carbonyl oxides was first made by Kirmse et al. 269 
and furthermore, the efficiency of production could be greatly 
improved by using singlet oxygen to oxidise the diazo 
compounds. 	Thus, for several reasons, the photo-sensitised 
oxidation of diazo compounds in the presence of thiophosphoryl 
substrates was worth considering as a model for the mono-
oxygenase metabolism of phosphorothionate pesticides. 
F.2 Diphenyldiazomethafle 
Typically, diphenyldiazomethane was photooxidised in 
239 
the presence of a phosphorothionate in dichioromethane 
solution using either -Rose Bengal or methylene blue as 
sensitiser. 	The diazo compound was added in six aliquot s 
over 15 mins to try and minimise azine production 74 . 	After 
reaction the solutions were examined by g.l.c. and 31 P n.m.r. 









Phosphorothionate Yield of Benzophenonee 
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(PhO) 3 P=S 
a. using methylene blue 	b. using ® -Rose Bengal 
C. 2 photoflood lamps (normally one) 
d. by 31 P n.m.r. 	 e. by g.l.c. 
Although reasonable conversion levels of the diazo compound 
to benzophenOne were occurring, the yields of oxygen transfer 
product (phosphate) were disappointingly low. 	The reaction 
is shown in Scheme 86. 
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C 	+ (Ro) 3P=s 
Ph ' Ph 
Ph 2CO + (Ro) 3Po + [s] 
02 ,sens. 
Scheme 86 
Similarly low yields of product have been obtained during 
olefin epoxidations by the photosensitised oxidation of the 
same diazo compound 74 . 	There are possibly two pathways by 
which the reaction can proceed to yield benzophenone without 
the transfer of an oxygen atom to the substrate and these are 
shown in Scheme 87. 	Either the intermediate decomposes by 
loss of nitrous oxide or alternatively the carbonyl oxide is 
a short lived species and decomposes before transferring an 
oxygen atom to the phosphorothionate. 
Scheme 87 
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Since benzopherione is a product of the diazo compound oxidations 
and our reactions were run under photolysis conditions it 
became necessary to run additional control experiments for 
the following reason. 	Shimizu and Bartlett 
290  have shown 
that olefins can be epoxidised by intermediates produced from 
excited benzophenone and oxygen. 	A similar interfering 
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reaction could be responsible for the oxidation of the 
thiophosphoryl compound. 	However, this can be ruled out 
since when using benzophenone in place of the diazo compound 
only trace amounts of trirnethyl- and triethyl phosphate were 
observed. 	Only in the case of triphenyiphosphorothionate 
was any significant amount of phosphate observed in the 
product mixture and even then at a much lower level (2%) 
than when the diazo compound was present. 	When the experi- 
ments were repeated after omitting the diazo compound 
ie using singlet oxygen, only trace amounts (<1%) of product 
phosphate were formed. 	The final control experiment was to 
omit the sensitiser. 	As a result of this the yield of 
benzophenone was approximately halved and although oxygen 
transfer to the substrate was similarly reduced, the experi-
ment did show that the addition of a sensitiser was not 
mandatory in this case for reaction to occur, presumably due 
to the photosensitising properties of benzophenone itself. 
As a consequence of these control experiments, the 
oxygen transfer reaction to phosphorothionate substrates was 
as shown in Scheme 86 but as a model for the enzyme, was poor 
in respect of the low yields of phosphates obtained. 	About 
the time of this work, Ando et al. 75  published some results 
which suggested that oxenoid intermediates produced in the 
photosensitised oxygenation of ct-carbonyl stabilised diazo 
compounds have different character from those in the 
photosensitised oxygenation of non-stabilised diazo compounds 
By the use of this type of compound it was hoped to increase 
the yield of oxygen transfer to the phosphorothionate substrate. 
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F.3 Benzoylphenyldiazomethafle 
The method of reaction was the same as that used for 
diphenyldiazomethane. 	As hoped for, the yield of oxygen 
transfer to various phosphorothionates was considerably 
increased (Table 12, p.110), although the yield of benzil 
(the corresponding product to benzophenone) was only slightly 
increased. 	This suggests that both diazo compounds have 
similar potential to form oxenoid intermediates by photo-
sensitised oxidation, however, bimolecular decomposition 
through oxygen transfer is more favoured in the case of 
benzoylphenyldiazomethafle than diphenyldiazomethane. 
The use of the sensitiser, ® -Rose Bengal resulted in 
practically no reaction at all inthe case of benzoylphenyl-
diazomethane and the alternative methylene blue, was necessary 
for the photosensitised reaction to proceed (Scheme 88) 
0 N 	 0 	 /0 




0- 0 	 0 
// 
Ph—C—C P h + R 3 P=O 	—C 
Scheme 88 
Ando et al. 75  have suggested that oxenoids from 
benzoylphenyldiazomethane possess more electrophilic character 
than that from diphenyldiazomethane which would certainly 
account for our increased oxidation of the nucleophilic 
sulphur atom, but, in addition, Scheme 88 shows several 
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resoriariCe structures for the oxenoid, thereby indicating that 
this stabilised carbonyl oxide could possess a longer lifetime 
than that from diphenyldiazomethane, thus increasing the 
chance of bimolecular reaction with the phosphorothionate. 
Interestingly, Ando et al. 
75  noticed similar large differences 
in yields (and rates of reaction) during sulphur atom oxidations 
when comparing benzoylphenyldiazomethafle with diphenyl-
diazomethane. 
The overall conclusion from the above results is that 
a carbonyl group, adjacent to the carbonyl oxide function, 
increases oxygen transfer to the substrate. 	To test this 
hypothesis an attempt was made to further increase oxygen 
transfer by the incorporation of two carbonyl groups adjacent 
to the carbonyl oxide. 
F. 4 Pyridiniurn bis (methoxycarbonyl) methylide 
Ando et al. 291  had already reported that oxygen transfer 
to diphenyl sulphide occurs in good yield in the presence of 
the carbonyl oxide formed in the reaction of singlet oxygen 
with the ylide (109), Scheme 89. 
o /CO2 Me 	 - + /CO2 Me ë- 	— 	 o—o=c 	+ 
- 	
NCOM 02,sens. 	 NCOM C 
(109) 
Scheme 89 
It can be seen from Scheme 89 that a carbonyl oxide generated 
from (109) would possess two adjacent carbonyl groups. 	In 
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this particular case the pyridinium cation, is effectively 
taking the place of the diazo group. 	By the use of this 
ylide it was hoped to increase the oxygen transfer to 
phosphorothionates compared to benzoylphenyldiazomethane. 
Oxygen transfer was attempted by the photosensitised 
oxidation of the ylide (109) in the presence of various 
phosphorothionates. 	Although substantial yields of pyridine 
were obtained (56-67%), oxygen transfer to the phosphoro-
thionates to give phosphates failed to occur. 
This was surprising considering the encouraging results 
reported by Ando et al. 291  on oxygen transfer to divalent 
sulphur compounds by the photosensitised oxidation of various 
ylides. 	For a reason, which is difficult to explain, a 
thiophosphoryl sulphur seems a particularly poor oxygen atom 
acceptor in these reactions, resulting in decomposition of 
any oxenoid intermediate .without accompanying oxygen transfer. 
This casts serious doubt upon any correlation between the 
stabilisation effect of a carbonyl group adjacent to a 
carbonyl oxide and the resultant oxygen transfer to a thio-
phosphoryl substrate. 	It is appreciated that a pyridinium 
cation has replaced the diazo group in this case which may 
account for this discrepancy, although in view of the fact 
that Hamilton and Giacin 73 observed no oxygen transfer to 
hydrocarbons from the photosensitised oxidation of diethyl- 
diazomalonate, such an explanation is not attractive. 	It 
is clear from a combination of these observations that more 
factors have an influence on the course of the reaction than 
simply stabilisation of the intermediate carbonyl oxide by 
2. 4 
an a-carbonyl group. 	It is very possible that the phenyl 
groups present in benzoylphenyldiazomethane exert a 
stabilising influence on the intermediate aiding bimolecular 
reaction with the substrate. 	If this is so, it is hard to 
envisage (in view of the synthesis of the diazo compounds) 
where improvements can be made over benzoylphenyldiazomethane 
(110) using only the principles discussed above. 
,0 
0 0+ a 11 11 c-C-_0 
(iio) 
F.5 Mechanisms 
When considering a mechanism for the oxidation of. 
thiophosphoryl substrates by ct-carbonyl carbonyl oxides the 
intermediate oxenoid is perhaps best considered in its 
cyclised trioxide form. 	Attack by the nucleophilic sulphur 
atom on the most electrophilic of the oxygen atoms followed 
by a shift of electrons gives the observed product ben zii 
and a three-membered phosphorus containing ring which can 
extrude sulphur to give the phosphate; the formation of the 
strong phosphoryl (P=O) bond again being the driving force 
for the reaction (Scheme 90) . 
A reported in situ source of singlet oxygen for the 
generation of carbonyl oxides without the need for photolysis 
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However, in view of the mechanism shown in Scheme 90 it is 
not surprising that, during a control experiment when the 
carbonyl oxide precursor (diazo compound) was omitted, (111) 
itself was capable of directly oxidising a phosphorothionate 
to a phosphate. 	Since we had shown earlier that singlet 
oxygen fails to oxidise phosphorothionates, the reaction 
between (111) and the phosphorothionate must be regarded as 
a direct oxygen transfer not involving free singlet oxygen. 
In agreement with some recent work by Bartlett et al. 294 
triphenylphosphite ozonide was observed (by 31 P n.m.r.) to 
be directly converted into triphenyl phosphate with no other 
phosphorus containing species being detected. 
74 Both alkenes 70, 	and sulphides 292 have been oxidised by 
the ozonide (111) in a similar manner. 
Despite the control experiment showing up the direct 
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oxidation of the phosphorothionate by the ozonide, there 
must be some contribution from a carbonyl oxide since the 
yield of phosphorothionate increased significantly when the 
diazo compounds was present. 
It is perhaps as a result of the cyclised trioxide form 
only being available to an c..-carbonyl carbonyl oxide that 
significant differences are observed when comparing yields 
of phosphates from reactions of thiophosphoryl compounds with 
a-carbonyl carbonyl oxides with those of reactions involving 
thiophosphoryl compounds with diphenyldiazomethane and singlet 
oxygen. Certainly Hamilton and Keay 
70 consider that this 
cyclised trioxide is ca 10 3 times more reactive than a peracid 
from their studies of epoxidation with ct-carbonyl carbonyl 
oxides. 	The equivalent oxenoid from diphenyldiazomethane 
would be the cyclic peroxide (112) which may not be so prone 
to oxygen transfer as the cyclic trioxide. 	However, the 
intermediacy of the simple zwitterion or the diradical 
cannot be ruled out (Scheme 91). 
,0 . 
0+ 	 0_ 0-0 II I 
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The observation that carbonyl oxides can oxidise 
phosphorothionates to phosphates adds further support to 
the suggestions of Hamilton 73 and Jerina et al. 78 that these 
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intermediates serve as useful chemical models for the mono-
oxygenase enzymes. 	Furthermore, the reaction again demon- 
strates (in common with the other models which have been 
studied) how the nucleophilic sulphur atom of thiophosphoryl 
compounds is susceptible to attack by electron deficient 
oxenoid intermediates, a situation which almost certainly 
exists for the enzyme reaction. 	Indeed, the active site in 
the flavin dependent mono-oxygenases has actually been 
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proposed to be a carbonyl oxide 	. 	Hamilton argued that 
alkyl hydroperoxides, such as the flavin hydroperoxide (113), 
in the absence of transition metal catalysts, are chemically 
poor hydroxylating reagents. 	Hence, he speculates that 
rearrangement of the hydroperoxide to some other form of 
adduct that can deliver the needed electrophilic species of 
oxygen for hydroxylation is required. 	Thus he proposed the 
carbonyl oxide (114), which is essentially a vinylogous 
ozonide, as a chemically feasible oxygen insertion reagent 
derived by rearrangement of the hydroperoxide (113), Scheme 
92. 	When considered in this form, the ct-carbonyl carbonyl 
oxide from benzoylphenyldiazomethane (115) contains the identical 




















In common with many model systems, to firmly establish 
the mechanism of the model is a problem in itself, however 
the formulation of any mechanism for oxygen transfer should 
be capable of the NIH shift when applied to aromatic compounds. 
G. 	Study of the Reaction between TriethyiphosphorothiOnate 
and TrifluoroperacetiC Acid by 31 P N.M.R. 
Although many model systems for the mono-oxygenases 
have been considered, few successful attempts have been made 
to observe intermediates formed by an interaction between the 
oxenoid reagent and the substrate. 	Hence mechanisms are 
postulated with no definitive evidence. 	In the case of 
thiophosphoryl substrates, a common theme exists in all the 
mechanisms which have been put forward in previous sections. 
In every case, oxygenation takes place at the nucleophilic 
sulphur atom followed by formation of a three membered ring 
(possibly via a zwitterion) and extrusion of sulphur (Scheme 
93 ) 
250 
R 3 P+ 	0... 
RPS 
R 3 P" O -* R 3 P=0 + S. 
Scheme 93 
A similar scheme has been proposed for the enzymatic 
desuiphurisation of parathion 14 . 	The initial reaction in 
this case is either the formation of a coordinate covalent 
bond between the thiophosphoryl sulphur and oxygen followed 
by cyclisation (as in Scheme 93), or an enzyme bound oxenoid 
species adds across the phosphorus sulphur double bond, both 
reactions being followed by a rearrangement to give paraoxon 
and atomic sulphur (Scheme 5) 
McBain et al. 
63  claimed to observe an intermediate 
oxygenated compound from the peracid oxidation of a thiophos-
phoryl substrate similar to that shown in Scheme 93, however, 
this identification was later proved to be incorrect 64 . 
Despite the obvious importance of firmly establishing the 
mechanism for this oxidation no follow up attempts have been 
reported. 	One of the most convenient ways of studying model 
systems for this reaction would be variable temperature 
3 1 P n.m.r., however, some of the models for phosphorothionate 
metabolism discussed previously are not easily amenable to 
continuous monitoring by n.m.r. 	Both heterocyclic N-oxide 
and carbonyl oxide systems require photolysis while chromyl 
acetate produces a heavy precipitate on reaction. 	An attempt 
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was made to observe possible intermediates by 31 P n.m.r. 
during a kinetic study of the reaction between triaryiphosphine 
sulphides and 2-methyl-3--nitrOpheflY1 oxaziridine, but this 
proved unsuccessful. 	Another model system for the mono- 
oxygenases involving oxidation by trifluoroperacetic acid, 
has been proposed by Ptashne and Neal 
62  as a model for 
phosphorothionate metabolism. 	In contrast to some of our 
systems, reactions of trifluoroperacetic acid seem well suited 
to study with low temperature n.m.r. 	Thus, the oxidation of 
a model substrate, triethyiphosphorothionate to triethyl 
phosphate using trifluoroperacetic acid was carried out at 
low temperature while an attempt was made to observe any 
oxygenated intermediates such as those proposed by Ptashne 
62 
et al. 14, 
	This attempt again proved unsuccessful with no 
intermediate being observed during the complete conversion 
of the phosphorothionate into triethyl phosphate. 
It appears that low temperature (-60
0C) is not enough 
to stabilise any possible intermediates and the desuiphurisation 
step which gives rise to the high dissociation energy phosphoryl 
bond is so favourable in energy terms, and provides such a 
strong driving force for the reaction, that lifetimes of any 
intermediates are too short to enable observation by n.m.r. 
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hosphorothionates, such as the insecticide parathion [0,0-
iethyl-O-(p-nitrophenyl)phoSphOrOthiOflate], owe their anti-
lolinesterase activity to their metabolic activation by con-
rsion into the corresponding phosphates. It is regarded as 
ighly likely that, in mammals at least, this conversion is 
rought about by the same hepatic mixed function oxidase 
, ,stem as is responsible for the metabolic hydroxylation of 
romatic substrates) -3 
One of the best models for the hepatic oxidase system, in 
) far as its ability to hydroxylate aromatic substrates is 
Dncerned, is the photochemically induced transfer of oxygen 
om a heterocyclic N-oxide to the aromatic 4-6  but no system 
I this type has been shown to be capable of converting 
hosphine sulphides or phosphorothionates into the cor-
sponding P= 0 compounds. Demonstration of the existence 
f such a system by the authors is not only supportive of the 
iew that similar chemistry could be involved both in the 
epatic hydroxylation of aromatics and in the metabolic 
ctivation of phosphorothionates, but it provides also a 
seful model for the study of the mechansim of the lattei 
action. 
The most widely studied oxygen source for the photochemi-
ii hydroxylation of aromatics is pyridine N-oxide 4 ' 6 but 
us material was found to be quite ineffective when an at-
mpt was made to use it as the oxygen source in the photo-
iemically induced conversion of either phosphorothionates 
r phosphine sulphides into their analogues in which the 
ilphur was replaced by oxygen. The photolyses, which 
'ere carried out in methylene dichloride solution, always 
ave complete recovery of the phosphorus compound, even 
rider conditions where the pyridine N-oxide was entirely 
composed. As never more than a trace (< 3 per cent) of 
yridine was detected among the products of any of the react-
ins it seemed reasonable to conclude that the photochemically 
cited N-oxide decomposed by one of the unimolecular 
)utes open to such species 7 rather than by oxygen transfer 
the phosphorothionate or phosphine sulphide substrate. 
On the basis of this argument the reaction was repeated 
with 3-methylpyridazine-2-oxide which is known to hydroxy-
late benzene even in dilute solution' and, therefore, pre-
sumably has a relatively long-lived photoexcited state 
favouring bimolecular reaction. Our expectations were 
realised and, although there was clearly substantial urn-
molecular decomposition of the photoexcited N-oxide, it 
was observed, for all the cases listed in Table I that a 30-40 
per cent (by g.c.) conversion of the N-oxide directly into 
3-methylpyridazine occured and that substantial yields of 
phosphine oxides from the triaryiphosphine sulphides were 
produced as shown. In order to demonstrate a closer analogy 
with the biological system a similar reaction was carried out 
with 3-methylpyridazine-2-oxide and 0,0,O-trimethyi-
and 0,0,0-triphenyl-phosphorothionates and the corres-
ponding phosphates were obtained in 27 per cent and 32 per 
cent yield respectively. 
In order to satisfy our original criteria of establishing a 
model that was generally valid for this reaction and for aro-
matic hydroxylation it was necessary to demonstrate that 
photolysis of 3-methylpyridazine-2-oxide in the presence of 
Table I 
Me + X _y) 3 s 	Me() + 
(I) 	 (11) 
X 	 Unreacted (1)b (Ij)b 
(per cent) 	(per cent) 
Me 	67 	 31 
MeO 55 38 
H 	 62 	 29 
Cl 58 35 
Me02C 	55 	 33 
alloxide 1.25mmole, (0-0.5mmole in CF1202 (100cm 3), 125w medium 
pressure lamp with pyrex filter; b yields are percentage conversion 
of compound (1) as determined by h.p.1.c. with confirmation by n.m.r. 
spectral measurements 
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Table 2 	 - 
OH 




this work 	Microsomes Ref. 9 
Me 	 51 54 
- MeO 49 	 60 
CI 	 64 54 
NIH-shift on irradiation" of 3-methyIpyrjdazjne2oxide (I .25mmoie) 
X—Q--D 
in presence of 	 (25mmole) 
"Solvent volume and photolysis conditions as in Table I 
4-deuterio substituted benzenes led to 4-substituted phenols 
in which some of the deuterium was retained, i.e. that the 
model resulted in the NIH-shift characteristic of the bio-
logical reaction. 8 ' 9  The results of this study are shown in 
Table 2 as are, for comparison, the NIH-shift values obtained 
by Daly et a19  (with liver microsomes) and they demon-
strate that our system is indeed a reasonable model for the 
hepatic hydroxylating system. 
Work is still proceeding to establish the details of the 
mechanism for the conversion of phosphorothionates into 
phosphates by our model, but it is clear from the results in 
Table 1 that there is no substantial electronic effect of substit-
ents in the triaryiphosphine sulphide on the yield of phos-
phine oxides produced, an observation not at first sight con- 
sistent with the idea that the initial oxygenation of th 
phosphine sulphide is carried out by an electrophilic 'oxene 
species expelled from the photochemically excited N-oxide. 
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